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The Radioactivity of the Earth’s Crust and Its Influence on Cosmic-Ray Electroscope 
Observations Made Near Ground Level 


Rosey D. Evans,* Massachusetts Institute of Technology aNd RusseLt W. Ratrt, California Institute of Technology 
(Received May 21, 1935) 


Radium analyses of 23 rock specimens from the scene of 
cosmic-ray observations made by R. A. Millikan and his co- 
workers discloses a linear relationship between the average 
radium content of the terrain and the local gamma-ray 
ionization in the cosmic-ray electroscope. Ionization due to 
soft gamma-radiation stimulated in the earth’s crust by 
the impact of cosmic rays, or due to the reflection of cosmic 
rays by the earth’s crust is therefore negligible, and the 
ratio of thorium to uranium is approximately constant in 
the materials examined. A iocal gamma-ray ionization of 
5.5 ion pairs per sec. per cm‘, in air at one atmosphere 


pressure, is normally associated with a content of 1.0 
<10-" g Ra per g rock in the neighboring terrain. It is 
shown that the gamma-ray ionization m ion pairs per cm® 
per sec., at 4 cm above a broad radioactive surface is 
n=(2rpmK/m)Gyr, where Gyr = fis *e*'dz, ui/p is the 
mass absorption coefficient and m the Ra concentration 
of the emitter, u is the gamma-ray absorption coefficient 
of air, and K is Eve’s number. Application to the experi- 
mental data suggests that the Th/U ratio is the order of 5 
to 10 for many common geological materials. 





INTROHUCTION 


HE extra-terrestrial origin of the penetrating 
radiation now called cosmic rays was first 
demonstrated by Gockel,'! who discovered that 
the residual ionization in a sealed electroscope 
at first decreased but then increased markedly as 
the instrument was raised away from the earth’s 
surface. The initial decrease shows that a part of 
the residual ionization is of terrestrial origin. 
Whereas the bulk of this terrestrial radiation was 
believed to be due to gamma-radiation from 
radioactive elements in the earth’s crust, 
Millikan? suggested that experiments were needed 
to demonstrate whether an appreciable fraction 
of this radiation was due to soft secondary rays 


* Experimental work done as National Research Fellow, 
University of California, Berkeley, 1932-1934. 
_} Gockel, Physik. Zeits. 11, 280 (1910); Hess, Physik. 
Zeits. 12, 998 (1911); 13, 1084 (1912); Kolhérster, Physik. 
Zeits. 14, 1153 (1913); Millikan and Bowen, Phys. Rev. 27, 
353 (1926). 

* Millikan and Cameron, Phys. Rev. 28, 851 (1926). 


stimulated by the cosmic rays or to cosmic rays 
reflected or scattered back by the earth’s crust. 
That practically all of the terrestrial radiation is 
due to gamma-rays from rocks in the earth's 
crust has now been demonstrated by ground 
level and airplane comparisons of the ionization 
in unshielded electroscopes with the ionization in 
similar electroscopes shielded only from below by 
lead.* Further evidence is furnished by the cloud- 
chamber photographs of Anderson‘ and Blackett 
and Occhialini,> which show a pronounced distri- 
bution maximum for cosmic-ray tracks entering 
from vertically overhead, and also show very few 
tracks entering the apparatus from below. The 
present observations also support the conclusion 
that all of the terrestrial radiation is due to 
gamma-rays from the earth’s crust, by corre- 


3 Anderson, Millikan, Neddermeyer and Pickering, Phys. 
Rev. 45, 352 (1934). 

4 Anderson, Phys. Rev. 44, 406 (1933). 

§ Blackett and Occhialini, Proc. Roy. Soc. A139, 699 
(1933). 
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TABLE I. Description and geographical origin of the samples, local gamma-radiation in ton pairs per cm per sec. at 30 atmos- 


pheres of air, and radium content of the geological samples in g Ra per g of specimen. 




















DESCRIPTION 


Gravel. Top of Pike’s Peak, Colorado. 
Gravel. Roadway on Mt. Manitou, Colorado. 
Deep glacial rubble. Churchill, Manitoba. 
Glacial sand. Churchill, Manitoba. 

Gravel. Windy Point, Colorado. 

Granite. Churchill, Manitoba. 

Red Granite. Pike’s Peak, Colorado. 





Hard granite outcrop. 30 ft. stone in Red River, Winnipeg, Manitoba. 


Granite. Mt. Manitou, Colorado. 

Gravel. Superior pits, Minneapolis, Minn. 
Limestone. Quarry in Minneapolis, Minn. 
Quartzose sandstone. Zion Canyon, Utah. 
Granite boulder. Glen Cove, Colorado. 
Soil. Ellendale, North Dakota. 

Soil. Felts Field, Spokane, Washington. 
Limestone. Cormorant Lake, Manitoba. 
Limestone. Riverside, California. 


Kaibab limestone. Rocky point with railing, North Rim, Grand Canyon, 


Colorado. 
Acidic lava. Arequipa, Peru. 
Rhyolitic lava. Crucero Alto, Peru. 
Quartzite. Crucero Alto, Peru. 
Limestone. Cormorant Lake, Manitoba. 


Quartz-mica schist. Inside railroad tunnel, San Gabriel Canyon, Cal. 


LOCAL 
SPECIMEN GAMMA- RADIUM 
NUMBER RADIATION CONTENT 
C1 97 0.41107" 
C2 97 0.25 
C3 32 0.33 
C4 32 0.44 
C5 98 0.52 
C6 12 0.23 
C7 97 1.52 
C8 45 0.19 
C9 97 1.34 
C10 32 0.48 
Cll 34 0.60 
C12 25 0.32 
C13 135 1.83 
C14 42 0.78 
C15 47 0.68 
C16 6 0.11 
C17 14.5 0.32 
C18 24 0.95 
C19 148 1.75 
C20 ) 2.38 
C21 s@ 0.20 
C22 6 0.12 
C23 73 0.20 








lating the measured radium content of certain 
rocks with the soft gamma-radiation observed in 
a cosmic-ray electroscope operated on or near 
these rocks. 


DESCRIPTION OF SPECIMENS 


All of the rock specimens were furnished by 
R. A. Millikan and his co-workers, and represent 
samples of the rocks or soil underlying the 
electroscope at the scene of the cosmic-ray 
observations which they have made during the 
past four years. A brief description of the 
specimens and the location of the stations is 
given in Table I. 


LocaL GAMMA-RADIATION vs. RADIUM CONTENT 


The intensity of the local gamma-radiation at 
each of these sites was determined by comparing 
the discharge rates for the unshielded electro- 
scope with the rate when the electroscope was 
completely surrounded by a lead shield 7.64 to 10 
cm thick. Corrections were of course made® for 
the fact that the lead shield absorbs some (24 to 
39 percent, depending on altitude) of the cosmic 
radiation while absorbing practically all (97.6 
percent) of the local gamma-radiation. 


6 Millikan and Cameron, Phys. Rev. 28, 851 (1926); 
37, 235 (1931). 


The field specimens of local geological material 
were ground to about 60 mesh and 3 to 5 ¢g 
samples analyzed for radium by the emanation 
method, employing the direct-fusion furnace and 
double ionization-chamber technique.’ Two or 
more duplicate analyses were made on nearly 
every specimen, and individual values seldom 
varied from the mean value by as much as 
0.05 x 10-" g Ra per g. Sample variations of this 
magnitude are to be expected on statistical 
grounds because of the local concentration of 
radium in the grains of certain heavy mineral 
constituents of the samples. As is to be expected, 
these sample variations are considerably smaller 
in the fine grained materials than in coarse 
grained igneous or conglomerate samples. Those 
specimens which are free from limestone and opal 
were analyzed by Raitt with Evans’ earlier 
apparatus® at the California Institute of Tech- 
nology. These two independent sets of data are in 
splendid agreement as is shown by Fig. 1. 

Table I presents the local gamma-ray ioniza- 
tion found by Millikan and his co-workers as 
observed in, or else reduced to, a 15 cm diameter 
steel electroscope filled with air at 30 atmospheres 
pressure. The average radium content of the field 
specimen is given in g Ra per g of material. 


7 Evans, Rev. Sci. Inst. 6, 99 (1935). 
8’ Evans, Rev. Sci. Inst. 4, 223 (1933). 
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RADIUM CONTENT OF TERRAIN 


I'1G. 1. Ionization due to soft local radiation vs. radium 
content of specimens of the surrounding rocks or soil. 
lonization is in ion pairs collected per sec. per cm? in air at 
30 atmospheres. Radium content is in 10-" g Ra per g 
material. Analyses marked © or A are by Evans, X by 
Raitt. 


The local gamma-ray ionization is due to the 
combined effect of all the gamma-emitters in the 
uranium, actinium and thorium series. The 
thorium content of ordinary rocks is usually 
several times greater than the uranium content, 
and hence the thorium series gamma-rays are at 
least as strong as those from the uranium series. 
McCoy and Henderson® found 1 g Ra to be the 
gamma-ray equivalent of 6.85 10° g Th, hence 
1 g¢ U and its decay products is slightly more 
active than 2.3 g Th and its decay products in 
the production of gamma-ray ionization. The 
radium content of a rock body is proportional to 
the total uranium series gamma-rays emitted by 
that body. But in a series of rock bodies the 
radium content can only be proportional to the 
total gamma-radiation if the ratio of the thorium 
to uranium content is constant. The close 
correlation here found between the total gamma- 
radiation and the radium content, shown in Fig. 
1, indicates that in at least 15 of the samples in 
this series the thorium-uranium ratio does not 
vary widely. 

Fig. 1 omits four of the specimens found in 
Table I for the following reasons. Samples C1, 
C2 and C5 are gravels from the Pike's Peak area, 
whose radium content shows no agreement with 
the local gamma-radiation at these stations. 
This fact prompted inquiries which confirmed 

on and Henderson, J. Am. Chem. Soc. 40, 1316 
( . 


the radioactive evidence that these materials are 
not really indigenous to their areas, but are thin 
surface layers which were hauled into their 
present site during road building operations. At 
Crucero Alto, the rocks in the neighborhood of 
the cosmic-ray station are a mixture of C20 and 
C21, mostly the latter. The local gamma- 
radiation corresponds to a mixture of 73 percent 
C21 and 27 percent C20, which is in agreement 
with the field notes on the terrain, but cannot be 
readily plotted in Fig. 1. 

In all but two cases, the electroscope stood 
about a foot or two above the surface of a rather 
flat area, hence subtended on earthward solid 
angle of nearly 27. For C18, however, the 
electroscope was on a narrow rocky point jutting 
out from the rim of the Grand Canyon, and 
subtended a solid angle of only about 27/3 
steradians, and for C23 the electroscope was 
inside a mountain tunnel and subtended nearly 
4x steradians. In plotting Fig. 1, triangular 
points are shown for these two stations to indi- 
cate that the observed local radiation has been 
corrected for solid angle. 

The local radiation for C23 and C8 is about 2.5 
to 3 times the value expected from the radium 
content if the thorium-uranium ratio is the same 
as for the other samples in the series. This 
suggests that these two specimens are either not 
truly representative of the average rock in their 
vicinity or else that they have a higher thorium- 
uranium ratio than the other members of the 
series. 

Employing the newly developed technique'? 
for counting alpha-rays emitted from the surface 
of rocks, Dr. Gladys Finney made a preliminary 
estimate of the Th/U ratio for C8, 11, 18 and 23. 
The numerical values depend upon the alpha-ray 
stopping power of the rock, which was inferred 
from the known radii of plechroic halos in 
various minerals. Under such assumptions the 
Th/U ratios obtained from measurements on flat 
polished surfaces ground onto the solid specimens 
indicate that C11 and C18 have the same Th/U 
ratio, while C8 has 2.8 times and C23 has 3.3 
times as high a Th/U ratio as C11 and C18. The 
high Th/U ratios thus indicated for C8 and C23 
bring their local gamma-radiation into agreement 

1” Evans, Finney, Kip and Mugele, Phys. Rev. 47, 791 
(1935). 
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TABLE II. Average radium content of the classified samples. 














NUMBER 
OF G RADIUM PER G SPECIMEN 
SPECIMENS CLASSIFICATION Limits AVERAGE 
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(Quartz-mica 


schist 0.20 x 107 0.2010" 
1 Quartzite 0.20 0.20 
4 Limestones 0.11 to 0.60 0.29 
1 Sandstone 0.32 0.32 
2 Glacial sand 
and rubble 0.33 to 0.44 0.38 
4 Gravels 0.25 to 0.52 0.41 
2 Soils 0.68 to 0.78 0.73 
1 Kaibab 
limestone 0.97 0.97 
. Granites 0.19 to 1.83 1.02 
3 Peruvian 
Lavas 1.75 to 2.38 2.06 
Total 23 All specimens 0.11 to 2.38 0.70K10°" 








with that of the other specimens. It must be 
emphasized, however, that this alpha-ray method 
for Th is still in a state of development and that 
absolute Th values are uncertain, although there 
can be no doubt that the relative values for 
Th/U given above are essentially correct. No 
field specimen in this series was large enough to 
permit confirming these Th/U values by the y- 
ray methods recently developed by Evans and 
Mugele."! 

The radium content of the sample of Kaibab 
limestone C18 is much higher than for most 
limestones, but is certainly correct as it was 
checked by a variety of alternative analytical 
techniques, employing both solution and direct- 
fusion methods. This result is in accord with the 
rather large contamination, by sand and other 
silicates, noticeable in the Kaibab formation. 

There are six simultaneous criteria for a linear 
relationship between the local gamma-radiation 
from the earth and the radium content of a small 
sample of rock or earth, taken near the cosmic- 
ray electroscope. 

(1) The sample is truly a representative specimen of all 
the neighboring and underlying terrain. 

(2) The ratio of the thorium to the uranium content is the 
same in each specimen of the series. 


(3) Radioactive equilibrium exists between thorium, ura- 
nium, actinouranium and their individual decay 


products. 

(4) No new strong gamma-radioactive element is present 
in the rocks which is not a member of one of the three 
known radioactive families. 

(5) No appreciable gamma-radiation is produced in the 
rocks by cosmic-ray bombardment. 


1! Evans and Mugele, Phys. Rev. 47, 427 (1935). 
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Fic. 2. Geometry for Eqs. (1) to (4). 


(6) No appreciable fraction of the cosmic rays incident on 
the earth’s crust are reflected or scattered back toward 
celestial space. 


Criteria 4, 5 and 6 may be regarded as es- 
tablished by the data of Fig. 1 and Table I. 
Criterion 2 is obeyed by most of the specimens, 
and the constancy of the Th/U ratio thus 
disclosed is of considerable geochemical interest. 
The ratio is not sufficiently constant, however, to 
lend strong support to belief in a generic relation- 
ship between the uranium and thorium families, 
moreover such a belief is embarrassed by the 
existence of radioactive ores bearing either 
thorium or uranium exclusively. 

The cosmic-ray electroscope is here shown to 
be a geophysical instrument which is useful for 
rapid radioactive surveying, even where no 
radioactive ore bodies are involved. 

Bearing in mind that the number of specimens 
in each petrographic classification is small, and 
that therefore the average values cannot be 
regarded as universally applicable, it is of interest 
to compute the average radium content of each 
class of material which entered the present 
investigation. These averages are shown in 


Table II. 


THEORY OF GAMMA-RAY IONIZATION FROM LARGE 
RADIOACTIVE BODIES 


The gamma-ray ionization above a flat radio- 
active solid such as a region of the earth's 
surface may be computed as follows. For greater 
generality, consider the ionization » produced at 
the point P, Fig. 2, located h cm above the plane 
surface AA of a nonradioactive absorbing layer a 











RADIOACTIVITY OF 
cm thick, which overlies the radioactive solid 
BB—CC. Let the thickness of this radioactive 
material be Y cm, its density p;, g cm’, its Ra 
content m g Ra per g, and its effective absorption 
coefficient 4; cm~!. Let pe and pe be the density 
and absorption coefficient of the absorber, and yu 
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the absorption coefficient of the medium above 
AA (air in the present application). 

The ionization dm, ion pairs per cm® per sec. at 
P due to the Ra in the volume element 2rxdxdy 
formed by rotating dxdy about the vertical y 
axis is: 


2rxdxdypmK 
dn,= eee e7 Hiu/cos de -poa/cos ve ~ph/eos a (1) 
(hta+y)?+x° 
where K is a proportionality constant. 
We now change variables by substituting z=1/cos J, and then integrate over the region 1 Qs & 


which is equivalent to 0< 3 < 7/2. From the geometry of Fig. 2, «=(h+a+y) tan J, and by substi- 


tution of the new variable z we find: 


ny=2rpmK fiz 


= (2rpmK/u1) fi’ (2 2e-(u2zatuh)z_ g—2e (ui ¥+moatuhde} de, 


A table of the integral G,=/{°se**ds was 
given by Gold,'™ whose values are shown in Fig. 
3. From Eq. (3) and Fig. 3 one may compute the 
gamma-ray ionization for the general case, such 
as for specimens C1,.C2 and C5 where the 
absorbing layer is also radioactive. 

In the special case which applies to most of the 
specimens, a=0 and Y= «. We therefore have: 


n= (2rpmK/u1)Gyn. (4) 


Eve’s number” K is evaluated by noticing 
that for any radiation which is exponentially 
absorbed the ionization ion pairs per cm* per 














oa s A 1 4 s 4 re 1 4 i. 4 4. 


ce) os 6 10 Ls 





0 —" 


Fic. 3. Values of the integral G,= f{%s *e-"ds for 
0==b==2. For larger b, some values are: 
b 2 3 4 5 6 
Gs 0.03754 0.01064 0.00320 0.00099 0.00032 


The series Gp=e~°(1/b—2/b2?+3!/b3 —4!/b4+---) repre- 
sents the integral asymptotically. 


la E, Gold, Proc. Roy. Soc. A82, 43 (1909). 

2 Eve, Phil. Mag. 22, 551 (1911); 27, 394 (1914); 
Rutherford, Chadwick and Ellis, Radiations from Radio- 
active Substances (1930), p. 496. 





le (uated ff, Ye mivedy 


(2) 
(3) 





sec. at a distance ry cm from a source of unit 
strength will be »=Ke-+'/r? in a medium whose 
absorption coefficient is 4 cm~. The total ioniza- 
tion produced by such a unit source will be 


N= fo 4rrndr=4nrK fv°e “dr 
=47rK/y ion pairs per sec. 


Eve’s number A depends upon temperature 
pressure and ionization chamber wall materials, 
and is not accurately known, but is approxi- 
mately 60/427 X 10° ion pairs per sec. per cm for 
the gamma-rays from Ra (B+C) in equilibrium 
with 1 g of Ra. (For wN in air Eve gives 50 x 10°; 
Hess 61 and 72X10°; Moseley and Robinson 
73X10*. Reitz gives K=4.3X10° for RaC in 
free air at 0° and 760 mm, or up to 6.8 10° in 
an iron ionization chamber with 3 mm thick 
walls.)'8 

The mass absorption coefficient 4/p is not 
accurately known for geological specimens but 
has a value somewhere near or between 0.034 
(McClelland") and 0.065 cm? g~! (Behounek'’). 
Since uw is the order of 610~° cm™ for air, any 
observations made within a few meters of the 
earth's surface will correspond to uh-0, hence 
G,,—1. If we substitute G= 1, u,/p=0.06, K=6.8 
"13.4. S. Eve, Phil. Mag. 12, 189 (1906); 22, 551 (1911); 
27, 394 (1914); V. F. Hess, Akad. Wiss. Wien, Ber [Ila] 
122, 1053 (1913); H. G. J. Moseley and H. Robinson, 
Phil. Mag. 28, 327 (1914); A. W. Reitz, Zeits. f. Physik 69, 
259 (1931). 


4 Eve, Phil. Mag. 21, 26 (1911). 
16 Behounek, Zeits. f. Physik 79, 590 (1932). 
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10°, and m=110°" ¢ Ra per g in Eq. (4) we 
obtain »=0.7 ion pairs per cm* per sec., for the 
ionization near the ground’® due to the pene- 
trating gamma-rays of RaC from material con- 
taining 10°" g Ra per g. The softer gamma- 
rays from higher members of the uranium series 
will increase this value to about unity, but 
accurate data are not available. 

This theoretical ionization value is to be 
compared with the observations plotted in Fig. 1. 
Incomplete saturation" of the ion current permits 
only 13.8 times'* as many ions to be collected in 
air at 30 atmospheres as at 1 atmosphere 
pressure. Consequently, the data of Fig. 1 show 
that the radioactive content of average terrestrial 
materials, be they granites, limestones, sand- 
stones, rubble or soil, will cause a gamma-ray 
ionization!’ of about 5.5 ion pairs per sec. per 
cm! in air at a pressure of one atmosphere when 
the terrain contains 1.0 10-" g Ra per g. 

Recalling’ that the gamma-rays from 2.3 g Th 
and its decay products are nearly as effective as 
those from 1 g U and its decay products, it is 
readily seen that the Th/U ratio must be between 


1 The variation of ionization with altitude is given by 
Kq. (4) and Fig. 3. Thus at 200 meters above ground level 
ph=ca. 1.3 and the ionization will amount to about 10 
percent of its value at the earth’s surface. Similar consider- 
ations make it possible to compute the terrestrial gamma- 
ray corrections for balloon and airplane observations. 

71. S. Bowen, Phys. Rev. 41, 24 (1932). 

18 R.A. Millikan, Phys. Rev. 39, 397 (1932). 

1° This value, of course, corresponds to measurements 
made in a particular detecting instrument. Secondary 
and transition effects due to the walls of the instrument 
cause the observed value to differ somewhat from the cor- 
responding ionization in free air; see A. W. Reitz, Zeits. f. 
Physik 69, 259 (1931) and E. J. Workman, Phys. Rev. 43, 
859 (1933). Moreover, in free air near land areas there will 
be the order of 1 ion pair per cm’ per sec. of additional 
ionization due to alpha-rays from Rn, Tn and their decay 
products in the air itself. 
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5 and 10 in order to account for the 5.5 ion pairs 
per cm*® per sec. observed in the cosmic-ray 
electroscope. More accurate knowledge of K 
and y;/p may alter this figure somewhat, but 
there is here clear support for the view that the 
Th/U ratio is considerably greater than the value 
2.5 which has been used by Holmes and others.”° 

Entirely independent measurements on an- 
other suite of rock samples!’ has confirmed this 
high Th/U ratio. This conclusion has _ con- 
siderable geophysical importance because it 
shows that the thorium series is more important 
than the uranium series in such questions as 
geological age measurements based on helium 
ratios in common materials, and in geothermal 
problems concerning earth movements and the 
earth’s internal heat. 
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Ionization Currents Produced by Radon, RaA and RaC’ in 
Cylindrical Ionization Chambers 


Rosey D. Evans, Massachusetts Institute of Technology 
(Received May 21, 1935) 


A general theoretical equatien is derived for the ioniza- 
tion produced in cylindrical ionization chambers by Rn 
and its decay products. Where dv/dt=volts per sec. dis- 
charge, j =fractional saturation of the ion current, C =elec- 
trostatic capacity in cm, A =curies of Rn present at time 
t=0, \.=decay constant of Rn, 1/u=stopping power of 
the gas in the ionization chamber, d=cm diameter and 
h=cm height of the chamber, and t=3 hr.: 


dy /dt =5.3 X 108(j/ C)(3.57-5.00u/h 
—3.47y/d+5.48y2/hd)Ae™* 


when d and hk are greater than twice 6.60u cm, the range 


of the RaC’ alpha-ray. Experimental confirmation em- 
ploying standard radium solutions is described. Where 
either C or A is known, the other may be computed, 
therefore Rn ionization may be employed for absolute 
capacity measurements. General equations are also derived 
for alpha-ray ionization (1) above a plane surface due to a 
homogeneous radioactive substance below the plane, and 
(2) a radioactive substance uniformly distributed on a 
wire normal to the plane, and (3) for the ionization outside 
a dihedral right angle enclosing a homogeneous radioactive 
substance. 





I. INTRODUCTION 


HE convenience and structural simplicity 

of the cylindrical ionization chamber has 
led to its general adoption for the measurement 
of the ionization produced by the alpha-radiation 
from radioactive gases. The mathematical prob- 
lem of predicting the net observable ionization 
produced by alpha-emitters in a _ cylindrical 
ionization chamber has long defied exact analysis. 
This is partly because of the geometrical compli- 
cations, such as the presence of sharp corners, 
the lack of symmetry and the inhomogeneous 
fields at the ends, and partly because of inade- 
quacies in the theory of the ionization by alpha- 
particles in a confined region bounded by 
absorbing walls. The desired analytical expres- 
sion relates dv/dt, the rate of voltage discharge of 
the ionization-chamber-electrometer system, to 
its total electrostatic capacity, C; the height, A, 
and diameter, d, of the ionization chamber; the 
stopping power, 1/u, of the gas in the chamber, 
and the amount, A, of radioactive material 
present. Thus: 


dv/dt=(A/C)f(h, d, u) (1) 


and the mathematical problem is the determi- 
nation of f(h, d, u). 

An expression such as Eq. (1) is useful as (a) 
givimg confirmation of and confidence in emana- 
tion measurements, (b) providing an absolute 
radium or radon calibration for laboratories 
possessing no precision radium standard but 

1 


7 


capable of making electrostatic capacity measure- 
ments, (c) providing an easy and accurate means 
of measuring electrostatic capacity in labora- 
tories possessing a standard radium solution (d) 
providing a means of making accurate quanti- 
tative determinations of yields in atomic dis- 
integration experiments if the products are 
alpha-active. 

Equations analogous to Eq. (1), for the case of 
Rn and its alpha-emitting decay products RaA 
and RaC’ in a parallel plate condenser have 
been given by Flamm and Mache,! Siegl* and 
others, while the case of the spherical ionization 
chamber has been treated by Lind,? Mund‘ and 
Glockler and Heisig.°® 

Empirical expressions for Rn, and for Rn, 
RaA and RaC’ in equilibrium in cylindrical 
ionization chambers were given by Duane® and 
Duane and Laborde,’ and these have been widely 
used.* Evans® combined some of Duane and 
Laborde’s data with a preliminary theory to 


1Flamm and Mache, Akad. Wiss., Wien, Ber. [II a], 
121, 227 (1912). 

2 Sieg], Akad. Wiss., Wien, Ber. [II a] 134, 11 (1925). 

3 Lind, J. Phys. Chem. 16, 564 (1912). 

* Mund, J. Phys. Chem. 30, 890 (1926). 

5 Glockler and Heisig, J. Phys. Chem. 35, 2478 (1931). 

5’ Duane, Comptes rendus 1, 581 (1905); J. de phys. et 
rad. 4, 605 (1905). 

7 Duane and Laborde, Comptes rendus 1, 1421 (1910). 

8 Schmidt and Nick, Physik. Zeits. 14, 199 (1912); Mache 
and Meyer, Physik. Zeits. 13, 320 (1912); Berndt, Ann. d. 
Physik 38, 958 (1912); Ramsey, Am. J. Sci. 40, 309 (1915); 
Gockel, Die Radioaktivitdt von Boden und Quellen, Vieweg 
(1914), p. 102; Lester, Am. J. Sci. 44, 225 (1917); Zlatarovic, 
Akad. Wiss., Wien, Ber. [I] a] 129, 59 (1920), etc. 

* Evans, Thesis, Calif. Institute of Tech. (1932), p. 62. 
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biG. 1. Schematic cylindrical ionization chamber. 


derive a semi-empirical formula for cylindrical 
ionization chambers in which the ionization from 
the solids, RaA and RaC’, and the gaseous Rn 
were treated independently. In the treatment 
given below, f(h, d, uw) is evaluated entirely 
analytically, and the results are confirmed by 
direct experiments. 

Fig. 1 illustrates the typical cylindrical ioniza- 
tion chamber considered in the following analysis. 
The center electrode is a wire of sufficiently small 
diameter to occupy a volume which is negligible 
in comparison with the rest of the chamber. 
The center wire is charged negatively, hence 
collects!® the positively charged'! atoms of RaA 
as they are formed by the decay of Rn in the 
chamber. 

R,, Re, R3 are the ranges of the Rn, RaA and 
RaC’ alpha-particles in air at O°C and 760 
mm Hg, and wR), uRe, wR; are their ranges in the 
gas filling the ionization chamber. An alpha- 
particle from Rn emitted within a distance of 
wR, from any wall of the chamber and directed 
toward that wall will lose some of its energy by 
absorption in the wall. To determine what 
ionization is produced inside the chamber by Rn 
alpha-particles we must evaluate the ionization 
lost in the wall, and deduct this from the total 
maximum ionization which would be produced if 


1 Dadourian, Am. J. Sci. 19, 16 (1905); Kovarik and 
McKeehan, Bull. Nat. Research Council 10, 140 (1925). 
McGee, Phil. Mag. 13, 1 (1932). 
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all the energy were dissipated in ionizing the gas 
in the chamber. Similar corrections must be 
derived for those RaA and RaC’ alpha-particles 
which are emitted from the lower or upper 
portion of the center wire and strike an end wall. 
To avoid overlapping, the theory is here derived 
only for chambers in which the diameter and 
height exceed twice the range of the RaC’ 
alpha-particle. 

For generality, we derive the dependence of the 
ionization current on time elapsed (a) after 
introducing Rn into a cylindrical ionization 
chamber, and (b) after withdrawing Rn from a 
chamber in which it had previously come to 
transient equilibrium with its decay products. 


II. ACCUMULATION OF RAA AND RaC’ 


When Rn is introduced into an ionization 
chamber’ its disintegration gives rise to the 
successive solid decay products RaA, RaB, RaC, 
RaC’, RaD, etc. For the present work the 0.04 
percent of RaC traversing the RaC” branch is 
entirely negligible. Of these decay products only 
RaA and RaC’ emit alpha-particles, and the 
half-life of RaD is so long (25 yrs.) that its decay 
products are negligible. We have therefore to 
consider the number of alpha-particles per sec., 
Ni, No, Ns, from Rn, RaA, RaC’ respectively, as 
a function of time, where, at ¢=0, Ni, =Z and 
Ne=N3=0. The general expressions for the 
number of atoms of any of the decay products as 
a function of time constitute the familiar Case I 
of Rutherford’s treatises, and the general equa- 
tions,” given by Bateman," need only to be 
multiplied by the decay constants of the products 
involved to give N;, Ne, N3. In this way, substi- 
tuting for the decay constants: A,,=2.097 
X 10-6 sec.—!, Agaa = 3.79 X 10° sec.—!, Anan = 4.31 
X 10‘ sec.—!, Agac =5.86 X 10-4 sec.—!, Apacs = ca.10° 
sec.-', as given by Rutherford,” we obtain: 


Ni= Ze xn! (2) 

Ne= 1.000542 (e~ nn! — e~ Raa’) (3) 

N3= 1.0089Z (e~*nn' —0.0232e~ Raa’ 
—4.26e~*nap!+ 3,28e-nact), (4) 


2 Rutherford, Radioactivity (1905), p. 332; Rutherford, 
Chadwick and Ellis, Radiations from Radioactive Substances 
(1930), p. 11. 

13 Bateman, Proc. Camb. Phil. Soc. 15, 423 (1910). 
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TIME IN HOURS 


kG, 2. Rate of emission of alpha-particles from Rn, (.V)), 
and accumulating decay products, RaA, (V2), and RaC’, 
(.V3), in terms of emission from Rn at t=0. See Eqs. (2), 
(3), (4). 


The numerical values for Eqs. (2), (3), (4) are 
given in Fig. 2. 


Ill. Decay or RAA AND RAC’ 


If, after transient equilibrium has been es- 
tablished between Rn and its decay products 
through RaC’, the Rn is suddenly removed, then 
the number of alpha-particles per sec. Ne and Ns, 
from RaA and RaC’, respectively, may be 
expressed in terms of the number of Rn alpha- 
particles per sec., Vj, at the moment previous to 
withdrawing the Rn from the ionization chamber. 
Nz and N3; may be computed from Bateman's' 
equations or from Meyer and Schweidler’s' 
table, by multiplying the amount of each 
element, as given by these equations or tables, by 
the decay constant of the element. It can be seen 
that the mean life of RaC’ is so short that the 
rate of emission of RaC’ alpha-particles is equal 
to that of RaC, which facilitates computation. 
Fig. 3 shows V2 and Ns;, the rate of emission of 
RaA and RaC’ alpha-particles after the removal 
of a Rn source giving \, alpha-particles per sec. 
at ¢=0, transient equilibrium having been 
present. 


4 A serious misprint in the original general equations for 
decay (reference 13) has avoided correction for twenty 
vears. In Rutherford, Chadwick and Ellis (reference 12) 
p. 14, the coefficient d of Eq. (13) should be multiplied by 
] ‘Ng. 

1 Mever and Schweidler, Rudioaktivitdt (1927), p. 437. 


TIME IN Hours 


Fic. 3. Rate of emission of alpha-particles from RaA, 
(V2), and RaC’, (N3) after removing a Rn source giving 
N, alpha-particles per sec. at /=0. 


IV. IONIZATION BY RN IN CYLINDRICAL IONIZA- 
TION CHAMBERS 


When a small amount of Rn is added to the 
gas in a cylindrical brass ionization chamber all 
the Rn remains uniformly distributed throughout 
the entire volume of the chamber. We have 
verified this by withdrawing samples of gas from 
a chamber and examining the resulting change in 
ionization. 

The ionization losses due to absorption of 
alpha-particles in the walls can be computed by 
regarding the wall as the outer boundary of a 
homogeneous radioactive material and computing 
the ionization outside this boundary.'® Exact 
integrals for the alpha-particle ionization, g, per 
cm? above the plane surface of a radioactive solid 
emitting NV alpha-particles per sec. per cm*® have 
been given by Evans."? If R is the range of the 
alpha-particle in air at 0°C and 760 mm Hg, Ru 
is its range in the radioactive source, k& the total 
number of ion pairs per alpha-particle, then 


q=ekNRu (5) 


where ¢ is‘a dimensionless coefficient, increasing 
slightly with R, and having values between 0.114 
and 0.150 for all known alpha-particles from 
Sm (R=1.06 cm) to ThC’ (R=8.17 cm). 
Considering, for the moment, all the walls of 


® R. W. Raitt, personal communication, June, 1933. 
17 Evans, Phys. Rev. 45, 29 (1934). 
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the cylindrical chamber of volume, V cm', as 
plane surfaces of total area, S cm*, and writing 
subscripts 1 to indicate numerical values for Rn 
alpha-particles, the total ionization absorbed by 
these walls is: 

h=eki Ni RywS/V (6) 


where \,; is the total number of Rn alpha- 
particles per sec. in the entire chamber, hence 
N,/V represents the Rn alphas per cm*. 

The actual curvature of the walls leads to two 
small and oppositely directed correction terms 
which, for practical measurements, cancel each 
other. On the one hand the curvature decreases 
the effective fractional volume of radioactive 
source, which is within Ru cm of the wall, 
from RuS/V=2Ru(1/h+2/d) to 2Ru(1/h+2/d 
—2Ryu/d?). This correction has its maximum 
value for small chambers, where it corresponds to 
about 5 percent of the Rn ionization, or 2.5 
percent of the ionization from Rn and its decay 
products. On the other hand the wall curvature 
increases the wall area which can be hit from any 
point radially distant less than Ru cm from 
the wall. This fractional increase is about 
1—d sin (2(b? — y?)!/d)/2(b? — y*)! where d is the 
diameter of the chamber, } the length of track 
inside the chamber and y the perpendicular 
distance from the origin of 6 to the chord which 
defines the hypothetical plane replaced by the 
actual curved wall. Without practical error, we 
may say that these two effects of wall curvature 
exactly cancel each other, leaving Eq. (6) as the 
Rn ionization absorbed by the walls. 

The corners of the chamber give rise to a small 
but appreciable correction. This can be evaluated 
by computing the ionization produced outside a 
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F1G. 4. Schematic cross section describing corrections for 
ionization outside a dihedral right angle A4OB’ bounding a 
homogeneous radioactive source. 
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dihedral right angle by a radioactive source 
within, and bounded by, the angle. Since this 
computation has general applications to all finite, 
bounded radioactive sources, where it is the 
“edge correction,”’ its derivation will be given. 
In Fig. 4, an element of volume, in the radio- 
active source bounded by the dihedral right angle 
AOB’, emits alpha-rays uniformly in all direc- 
tions. Those which emerge above the plane AA’ 
cause ionization above this plane which is exactly 
described by Eq. (5), where g is taken as the 
total ionization above AA’ per cm of length (into 
the plane of the paper) of the dihedral edge, O, 
and where the effective cross sectional area of the 
source (in the plane of Fig. 4) for emission of 
alpha-rays capable of emerging from AA’ is 
(Ru)*. Consideration of this ionization is indi- 
cated in Fig. 4 by circles on the alpha-ray tracks. 
Similarly those which emerge to the right of the 
plane BB’ are described by Eq. (5) and are 
indicated in Fig. 4 by dots on the alpha-ray 
tracks. The ionization from these two plane 
edges is already included in Eq. (6), because S 
is taken as the total inside surface of the ioniza- 
tion chamber. 

Inspection of Fig. 4 shows that alpha-particles 
emergent above AA’ and to the right of BB’ have 
been counted twice, as indicated by the dotted 
circles. We must therefore compute the ionization 
represented by these track elements and deduct 
it from the ionization described by Eq. (6). 

As shown in the next section, the general 
expression for the corner correction is 7’ =y.NVRR?u* 
ion pairs per sec. per cm of edge where y is a 
dimensionless coefficient. As in the case of the 
side walls, the curvature of the corner exerts two 
oppositely directed influences, one due to reduc- 
tion of effective volume, the other to increased 
effective surface exposed to each volume element, 
which cancel each other. Each of these two 
corrections represents, in this case, a maximum 
of only about 0.6 percent of the total Rn ioniza- 
tion in small chambers, where curvature effects 
are most pronounced. The total effective length 
of the corners at the top and bottom of the 
chamber is 27d, therefore the Rn ionization 
absorbed by the walls is: 


1, —_ i," = eki Ni Ry S/ lV) 
—WkyN Rew (2rd/V) (7) 
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Fic. 5. Geometry for Eqs. (10) to (15) giving ionization 
outside a dihedral right angle. 


and the total net ionization by Rn is J,;= Niky 


—(i;—1%,') ion pairs per sec. Substituting S 


=md?/2+xhd, and \’=hd?/4, we have for the 
Rn ionization: 


I; = Niki} 1- 2e,Riyu(1/h+2 ‘d) 
+8y,RPu? ‘hd ' ° (8) 


As shown in the next section y for Rn (=y) 
=().0208, and from Table I of reference 17, 
e«, = 0.143, R,;=3.91 cm, ky =1.55 10° ion pairs 
per Rn alpha-particle. Hence, in general, for Rn 
ionization in a cylindrical ionization chamber: 


7,=1.55 X10°N,{1—1.124(1/h+2/d) 
+3.54u?/hd} ion pairs per sec. (9) 


V. ALPHA-PARTICLE IONIZATION OUTSIDE A 
DIHEDRAL RIGHT ANGLE 


As shown in Section IV, the ionization from 
the dotted and circled alpha-ray track ends in 
Fig. 4 constitutes the corner correction required 
for all cases involving a homogeneous radioactive 
source confined within the dihedral right angle 
AOB’'. This ionization may be computed by 
adding the contribution from alpha-rays emerg- 
ing from the plane of AA’ to the right of BB’ 
(those within the angle OED) to those alpha-rays 
emerging from the plane of BB’ above AA’ (those 
within the angle OFC). From symmetry these 
two are equal, hence, for analysis, rays emerging 
within the angle OED will be considered. 

In Fig. 5, take the x and y coordinates of the 
volume element dV =dxdydz, as shown, with dz 
normally into the plane of the page. We first find 
the total number, dn, of alpha-rays emerging in 
the angle OED, of Fig. 4, which have ranges 
below AA’ of between b and b+db cm. Since the 








Fic, 6. Geometry for Eqs. (10) to (15), in the AA’ plane 
of Fig. 5. 


stopping power of the source is 1/u, and since the 
stopping power may be taken as constant over 
the entire region AA’BB’ without loss of 
generality, the ionization produced above AA’ by 
each of these rays is the same as that produced 
along the path of an alpha-ray in air at 0°C and 
760 mm Hg between a point b/u cm from the 
origin of the ray and the end of the ray. If g(r) is 
the specific ionization in ion pairs per cm of path 
in air at 0°C and 760 mm Hg at a distance r from 
the origin of the “standard” alpha-ray, then the 
ionization above AA’, per cm of depth in 2, 
equals dn J,),"¢(r)dr, and the total ionization, 7’, 
for all values of b from 0 to Ry, and for all rays 
emergent in both the angles OED and OEC, 
i. e., for all dot-circled rays in Fig. 4, is: 


ab= Ry R 


r=2f anf y(r)dr. (10) 
e/b=0 b/iu 


The evaluation of dn follows the geometry of 
Figs. 5 and 6. The number of alpha-rays per 
sec. emitted in all directions from the volume 
element dV is Ndxdydz, where N is the number of 
alpha-rays per sec. per cm*. The fraction of these 
rays which emerge from the plane AA’ to the 
right of BB’ is ul/4rt*, where / is the length of the 
arc of emergence of rays which have ranges below 
AA’ lying between b and b+db cm. From 
geometry, u=db cot 0={x/(b?—x*)'}db, and 
1=2(b?—x*)! cos“ | y/(b? —x*)!}. Hence the num- 
ber of rays originating in dV, and emerging above 
AA’ and to the right of BB’ (i. e., within the angle 
OED) with ranges between b and b+db below 
AA’ is (ul/4rb?)NdV =(Nx/2rb*?) cos {y/(b? 
—x*)!|dbdxdydz, and the total number of such 
rays, per cm depth in 3, is: 
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Ndb f' a x v 
dn= i] ds | dy | cos ! dx 
2r 0 “b “(wv y) : (b> —x*)? (11) 
=(N_ O6m)bdb. (12) 


Substituting Eq. (12) in Eq. (10) we have for the 
ionization dot-circled in Fig. 4: 
aku ak 


a (N 3x) db | g(rjdr. (13) 
0 J blu 


The point 6 along the path of the actual alpha- 
ray, in a medium of uniform (i.e., independent of 
r) stopping power 1/y, corresponds in specific 
ionization to the point r along the path of a 
standard alpha-ray in air at 0°C and 760 mm Hg 
when r=b/u. Making this substitution in Eq. 
(13), we have: 
R R 


a’ = (Np 3m) | rir | g(r)dr, (14) 


which is valid for media of any x. 

Lemma. By partial integration of the left side 
of Eq. (15) and integration by parts of the right 
side, it may be shown that if » and ¢ are any 
functions of r, n=n(r), ¢=¢(r), then, provided 
that n(a)=0, 


R ait ,R 
f in| edr= | neodr. 
a r ¢~a 


Eq. (14) may therefore be transformed with 
the aid of the lemma of Eq. (15), resulting in: 


(15) 


R 
1’ = (Np? 6m) ro(rjdr, (16) 
7/7 
which may be written: 
i’ =YNkRR°*p’, (17) 


where y is a dimensionless coefficient and, like « 
of Eq. (5), depends slightly on R. For R=3.91 
cm (Rn), graphical integration employing ¢(r) as 
found by Henderson": '§ given ¥, =0.0208. If the 
approximate analytical expression’ (})kR-3(R 
—r)~* is substituted for g(r), the integration 
may be carried out analytically, and leads to the 
approximate value, y,,=3/407 =0.0238, which is 
the limiting value for very long alpha-rays. 


18 (4. H. Henderson, Phil. Mag. 42, 538 (1921). 
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Eq. (15), with suitable values for y, describes 
completely the edge or corner corrections appli- 
cable to all finite radioactive sources of the type 
considered here. In practical cases it must be 
combined with Eq. (5), as was done in deriving 
Eq. (7). 


VI. Ionization Duke TO RAA AND RAC’ 


As pointed out in Section I the negatively 
charged center wire of the cylindrical ionization 
chamber of Fig. 1 is assumed to collect all the 
RaA atoms resulting from the disintegration of 
Rn. Since the mean life of RaA is very long 
compared with the time required for collecting 
this ion from its place of origin in the gas, all the 
RaA alpha-rays, as well as those from RaC’, are 
regarded as emitted from the surface of the 
center wire. If a small fraction of the RaA should 
be collected on the walls of the chamber, the 
difference in the energy absorbed by the end wall 
would be negligible, as the equations have the 
same form, differing only by a term representing 
the wall curvature. Because the emission is 
random in direction, half of the RaA and RaC’ 
alpha-rays will be absorbed in the center wire. 
Of the remaining rays, those emitted within a 
distance Rou for RaA, and R3u for RaC’, of an 
end wall, and directed toward that wall, will lose 
some of their energy in the wall. 

The method of analytical evaluation of this 
energy is identical for the RaA and RaC’ rays. 
Assuming that the radioactive source (say RaA) 
is uniformly distributed along the surface of a 
wire normal to, and just reaching the plane DD’ 
of Fig. 7, we need to evaluate the ionization 
appearing above the plane DD’, which, in this 
case, is the energy absorbed by the wall. If the 
wire is kh cm long and emits N» alpha-rays per 
sec. in all directions, hence N2/2 which can be 


effective in producing ionization below the plane 





ae 


dx c 





Fic. 7. Geometry for Eqs. (18) to (24) describing ioniza- 
tion above DD’ due to alpha-particles emitted from a wire 
normal to DD’, 











IONIZATION IN 
DD’, then in an element of length, dx, there will 
be (N2/2h)dx alpha-rays effectively emitted. The 
fraction of those emitted from a depth, x, below 
DD’ which have the range element between } 
and b+db below DD’ is 2x(b?—x*)!u/4xrb? 
=(x/2b?)db, and the number of such rays 
is (N2/2h)(x/2b*)dbdx from the depth x, or 
(N2/8h)db from all depths between x=0 and 
x=b. Every ray in such a group produces 
ionization above DD’ equal to Ji," ¢(r)dr, where 
r, as in Section V is measured on the path of a 
standard alpha-ray in air at 0°C and 760 mm, 
and 1/y is the stopping power of the material in 
the region below DD’. The total ionization above 
DD’, due to rays having all possible values of } 
from b=0 to b= Ruz is 


Ry R 
1= (Ne si) f ab g(r)dr 
0 b/u 


and substituting r=b/u as for Eq. (14), and 
applying the lemma of Eq. (15) we find 


R R 
t= (Nou, si) [ arf g(r)dr 


RK 
= (Nou si) { reo(r)dr 
a) 


(18) 


(19) 


= (Now/2h)ekR, (20) 


where ¢ is the dimensionless coefficient defined by 
Eqs. (19) and (20), and appearing in Eq. (5), and 
is obtained by graphical integration" of Eq. (19). 
The RaA ionization lost by absorption in the two 
end walls is, therefore, 272, where the subscript 2 
refers to RaA, and the ionization produced in the 
gas of the cylindrical ionization chamber by 


RaA is 
I_= (Noke 2) —_ (Nou ‘hyeskoRe 
= 4] loko(1 —epRe h) 


(21) 


and, similarly, the ionization in the chamber, due 
to RaC’ is 


I3=3N3k3(1 —2esuR;/h), (22) 


where the subscripts 3 refer to RaC’ values of 
N, R, k and «. From Table I of reference 17, 
€2=0.144, R2=4.48 cm, ko=1.70X 10° ion pairs 
per RaA alpha-ray; and e;=0.148, R;=6.60 cm, 
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and k3;=2.20X 10° ion pairs per RaC’ alpha-ray. 
Substituting in Eqs. (21) and (22) we obtain: 


I2=0.85 X 10°No(1 —1.29u/h) (23) 
I;= 1.10 x 10°N3(1 —_ 1.95u/h) 

ion pairs per sec. (24) 

VII. Tora Ionization DuE TO RN+RAA 
+RaC’ 


The ionization currents actually observed in 
the cylindrical ionization chamber are due to the 
combined effects of the alpha-rays from Rn and 
its alpha-emitting decay products RaA and 
RaC’. Other sources of ionization such as that 
due to beta-rays from RaB and RaC, and that 
due to electrons liberated from the walls by the 
alpha-rays which strike the walls, are negligible 
in comparison. The total alpha-ray ionization, /, 
is the sum of J,, Jz. and J; of Eqs. (9), (23) and 
(24). 

A small additive correction must be made for 
the ionization produced by the recoil atoms. For 
elements near RaA, momentum considerations 
show that the recoil atom has 2.0 percent as 
much energy as the associated alpha-ray. Most 
of this recoil energy produces ionization, but a 
small fraction of it may be dissipated in elastic 
molecular collisions without ionization. Bearing 
in mind that the density of ionization due to a 
recoil atom exceeds that due to an alpha-ray, it 
is probable that there is more recombination of 
ions, and a correspondingly lower saturation, in 
the ionization produced by recoil atoms. We may 
safely say that 1.5+0.5 percent should be added 
to the alpha-ray ionization to account for recoil 
energy. Because the recoil tracks are very short 
there will be no significant wall correction in their 
case. Every Rn alpha-ray gives rise to an 
effective recoil atom, and those RaA and RaC’ 
alpha-rays which are directed into the center 
electrode each produce a recoil atom which can 
ionize the gas. The correction for recoil therefore 
increases the first term of Eqs. (9), (23) and (24) 
from 1 to 1.015+0.005, as shown in Eq. (26). 

With ordinary collecting potentials of several 
hundred volts across the chamber, some recombi- 
nation of ions will occur in the dense columnar 
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ionization due to the alpha-rays. The relative 
saturation, j7, discussed in Section VIII, is the 
fraction of the total ionization, J, which 
actually observed. If C the electrostatic 
capacity of the ionization-chamber-electrometer 
system in cm, e the electronic charge, 4.77 X 107'° 
e. s. u., and dv/dt the discharge rate in volts per 
sec. then: 


is 


is 


dv /dt= 300 jel/C (25) 
and 
T=1)' +1 +15 
= 1.55 K10°N,}1.015—1.124(1/4+2,/d) 
+ 3.542 /hd | +0.85 X 10°No}1.015 —1.29u/h} 
41.10 10°N3/1.015—1.95u/h}. (26) 


During the accumulation or decay periods 
discussed in Sections II and III, Rn is not in 
equilibrium with RaA nor RaC’, and N,, Ne and 
N3 are the functions of time described by Eqs. 
(2), (3), (4) and Figs. 2 and 3. For the brass 
ionization chambers used in the experimental 
phases of this investigation h=d=6 in.=15.24 
cm. The chambers were filled with nitrogen at 
22°C and 760 mm Hg, hence, from the Bragg- 
Kleeman rule, 1.= 1.09. Substituting these values 
in Eq. (26) we have: 


I= (1.24N,+0.79N2+0.97.N3) X10°. (27) 


Fig. 8 shows the dependence of J on time for both 
accumulation and decay. The experimental 
points, plotted on Fig. 8 for comparison with the 
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Fic. 8. Ionization in a brass chamber,  =d=15.24 cm, 
u=1.09, for (A) Rn plus accumulating RaA and RaC’, 
and (D) decay of RaA and RaC’ after withdrawing Rn. 
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theory, show statistical fluctuations about the 
mean value because of the small quantity of Rn 
employed in these tests (19.6610°" curie). 
Reliable ionization values for small values of ¢ are 
difficult to observe because of the possibility of 
the presence of heavy ions in chamber, due to 
filling, which require several minutes for col- 
lection. The shape of these theoretical curves is 
not strongly dependent on / and d, since these 
must exceed 2R3u for the cases treated by the 
theory. The agreement in Fig. 8 between theory 
and experiment is entirely satisfactory, but a 
more critical test is offered by observing the total 
equilibrium ionization due to a known amount of 
Rn, as is done in Section IX. 


VIII. RELATIVE SATURATION OF ALPHA-RAY 
IONIZATION CURRENT IN CYLINDRICAL 
IONIZATION CHAMBERS 


Bréssler'® measured the degree of saturation 
achieved by various collecting potentials in 
cylindrical ionization chambers containing large 
amounts of Rn and its decay products, finding 
the saturation also dependent on the amount of 
Rn. If J is the saturated ion current in e. s. u. 
per sec., 7 the observed ion current in e. s. u. per 
sec., E the potential on the chamber in volts, and 
k, K, constants, Bréssler found, for a chamber in 
which h=30 cm, d=25 cm, center electrode 0.6 
cm diameter and RaA and RaC’ collected on the 
wall: 

(28) 


(29) 


i= J(1—e-**) 
P= K 


where K=4.44X10-" e. s. u.* sec.-? volt for 
J<100 e. s. u. per sec., and K=4.5710-' for 
J>100. At J=100, Bréssler gave k =0.0013512. 
The measurements were presumably made with 
air in the ionization chamber. 

For small quantities of Rn, such as are met in 
the Rn analysis of ordinary materials, Bréssler’s 
data predict 7=i/J=1.000, which is not in 
agreement with observations. Brdssler’s data 
should, therefore, not be extrapolated beyond the 
range of his measurements, i.e. 1O=/J=210e.s. u. 
per sec. 


19 Bréssler, Akad. Wiss., Wien, Ber. [II a] 129, 47 
(1920). 
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ic. 9. Saturation of alpha-ray ionization in air at 760 
mm Hg for rays (1) parallel to the collecting field, (11) 
perpendicular to the collecting field. (Moulin.*°) 


Moulin?’ measured the relative saturation of 
alpha-particle ionization when the path of the 
ray is (a) parallel to the collecting field, (b) 
perpendicular to the collecting field. Measure- 
ments were made in air, CO. and He. Moulin’s 
values for air are plotted in Fig. 9. The minimum 
value of the average collecting field in a cylindrical 
ionization chamber may be computed by neg- 
lecting end effects. Where £ is the potential 
between the wall of diameter d and the center 
electrode of diameter a, and r¢ is the radial 
distance from the axis of the chamber to a volume 
element 2zrdr in area and of unit length, the 
minimum volumetric average field, (dE /dr)q», in 
the chamber is: 


dk = 6U<-E | x 
(F).- raac cele 
dr F we a2 log.d/a r 4 


=4E/(d+a) (log. da). (30) 





From Eq. (30) and Fig. 9 the minimum value of 
the saturation, 7, may be computed for any 
cylindrical chamber by taking a mean value from 
curves I and II of Fig. 9 as describing a uniform 
mixture of all possible angles between the alpha- 
rays and the collecting field gradient. For the 
present chambers, at E=300 volts, (dE/dr)a» 
= 18.7 volts/cm, hence j >0.84. 

Since j also varies with the chemical nature of 
the gas in the chamber (for example, 7 is low”! for 
COs, high for very pure No), it is preferable to 


20 Moulin, Ann. de Chem. et Phys. 21, 550 (1910); 22, 
26 (1911). 

21 Hess and Hornyak, Akad. Wiss., Wien, Ber. [II a] 
129, 661 (1920). 
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make a direct measurement of 7 in any ionization- 
chamber-electrometer system which is _ being 
calibrated for precision measurements. This is 
best done by observing the ionization, J, at 
various values of £, and extrapolating a graph of 
I/E vs. I to I/E=0, (E= ~~). For approximate 
use, 7 is usually between 0.87 and 0.93 in cylin- 
drical chambers filled with COs, air or nitrogen 
at 760 mm Hg, where d and h are between 30 
and 15 cm, and E is 300 volts. The saturation, j, 
at E=300 volts was found to be 90+1 percent 
in the present chambers. 


IX. Capacity CALIBRATIONS FOR IONIZATION 
CHAMBERS 


The ionization chambers used in the present 
experiments were connected in the double- 
chamber differential circuit regularly employed** 
for the measurement of small quantities of Rn. 
Direct capacity calibrations were made by adding 
small cylindrical condensers of identical cross 
section but of various lengths (and hence of 
known differences in capacity) to the central 
system and observing the fractional change in 
capacity. Quantitative observations of the ratios 
of the several capacities so produced were made 
by several independent methods.”” (A) By 
observing the potentials induced on the central 
system (center electrodes of ionization chambers 
and string electrometer fiber) when the potential 
on one ionization chamber is suddenly changed 
by a known voltage. (B) By observing the rates 
of discharge of the central system with one 
ionization chamber evacuated, the other radiated 
with gamma-rays. (C) By observing the rates of 
discharge of the central system when Rn plus 
decay products is used as the ionizing agent in 
one of the chambers. 

The method (A) is a development of the 
inductive method, usually credited to Harms,’ 
but used over a decade earlier by Lebedew.** It 
has been used by many subsequent observers” 


22 Evans, (a) Phys. Rev. 39, 1014 (1932); Rev. Sci. Inst. 
4, 223 (1933); (b) 6, 99 (1935). 

23, Harms, Physik. Zeits. 5, 47 (1904). 

24 Lebedew, Wied. Ann. 44, 289 (1891). Kohlrausch, 
Physical Measurements (1894), p. 380. 

*® Sieg], Akad. Wiss., Wien, Ber. [II a] 134, 11 (1925); 
Halledauer, Akad. Wiss., Wien, Ber. [11 a] 134, 39 (1925); 
Steinke, Zeits. f. Physik 48, 647 (1928); Schindler, Zeits. f. 
Physik, 72, 625 (1931); J. Clay, Zeits. f. Physik 78, 250 
(1932); H. Lampe, Zeits. f. Physik 79, 254 (1932). 
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and has been shown to agree with electrodynamic 
methods to 1 part in 1000 by Lampe.” Using the 
inductive principle, a null method can _ be 
employed by which capacities may be compared 
with a standard capacity to 1 part in 10°. 

The numerical results from the three methods 
(A)(B)(C) are in agreement, within the respective 
probable errors of measurement, and indicate a 
total capacity of 16.4cm for the double ionization- 
chamber string-electrometer apparatus, when the 
electrometer is at zero sensitivity. As was shown 
independently by Raitt?® and by Sienkiewicz?’ 
and Benndorf* the effective capacity of a string 
electrometer rises with sensitivity. In the present 
apparatus, when v volts are applied to the 
electrometer plates, and s is the resulting 
sensitivity of the electrometer in divisions per 
volt, the effective capacity, C, is given by: 


C=16.4(1+1.0 10~ vs). (31) 


An analogous equation holds for all similar 
electrometer systems. 

There is a fourth method for measuring the 
capacity, C, of the electrometer system. Assuming 
the validity of the present theoretical treatment 
of the ionization in cylindrical chambers by Rn 
and its decay products, we measure (a) the 
equilibrium ionization, dv/dt, due to a known 
amount of Rn, and (b) the relative saturation, /, 
of this ionization current. Then employing Eqs. 
(25) and (27), or Eq. (33) we can compute C. 
The Rn for these tests was released from a 
portion of a standard radium solution, most 
generously furnished by Professor S. C. Lind, 
which was prepared” from pure RaCl, which had 
been compared, by the gamma-ray method, with 
the international radium standard by the U. S. 
Bureau of Standards. The Rn was released froma 
solution containing 19.66 10-" g Ra by boiling 
in a glass apparatus*® developed for the routine 
analyses of liquid specimens having very low Ra 
content. The mean of a large number of such Rn 
calibrations, made over a period of two years in 
connection with routine analyses of feebly 
radioactive materials, leads to a value for C 

23 R. W. Raitt, personal communication, Dec. 16, 1932. 

27 Sienkiewicz, Physik. Zeits. 34, 376 (1933). 

“8 Bennderf, Physik. Zeits. 34, 335 (1933); Akad. Wiss., 


Wien, Ber. [II a] 142, 175 (1933). 
*® Lind and Roberts, J. Am. Chem. Soc. 42, 1170 (1920). 


8° Evans, Phys. Rev. 46, 328 (1934); Rev. Sci. Inst. 6, 
99 (1935). 
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which is in complete agreement with the direct 
measurements by the three methods of the 
preceding paragraph. Because of the normal 
statistical fluctuations resulting from the use of 
a feeble Ra solution,*! the probable error is 
about +1 percent. 


X. GENERAL EQUATION FOR Rapon CALI- 
BRATION OF A CYLINDRICAL 
IONIZATION CHAMBER 


Eqs. (25) and (26) may now be combined and 
simplified to describe the ionization current 
produced by Rn and RaA+RaC’ in transient 
equilibrium. If A curies of Rn are introduced into 
the cylindrical ionization chamber at time ¢=0, 
and the rate of discharge, dv/dt volts per sec., is 
observed at time ¢=3 hr., when transient 
equilibrium is practically established, then JN, 
=3.7X10"Ae™", where , is the decay con- 


stant® of Rn, 7.551X10-* hr.-', and Ne 
= 1.00054.N,;, NV3=1.0089.\,, and 
T= 10°N1(3.57 —5.00pu ‘hk —3.47/d 
+5.48u? hd) (32) 
dv,dt= 300 jel /C 
=5.3 108(7/C) (3.57 —5.00u/h 
—3.47y/d+5.48u?/hd)Ae. (33) 


Eq. (33) is the general equation for the Rn 
calibration of any cylindrical ionization chamber 
having d=2uR; and h=2yuR;, and is the solution 
of Eq. (1). 
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Elementary processes are considered, in which simul- 
taneous transitions of an inner and an outer atomic 
electron result in the emission of one single light quantum. 
Considering the nuclear distance of the inner electron as 
small compared to that of the outer electron, formulae are 
developed for the probability of double transitions by 
dipole radiation. The occurrence of the Cu Ka; satellite is 


given as a possible illustration of the case, where the inner 
transition alone occurs by dipole emission; a special con- 
sideration applies in this connection to the probability of 
simultaneous inner ionization and outer excitation. For 
the case of a forbidden inner transition, the simultaneous 
emission of a light quantum and an outer electron (radi- 
ative Auger effect) is discussed. 


1. INTRODUCTION 


HE possibility of double electron transitions 

in x-ray spectra was first suggested by 
Richtmyer' in connection with the occurrence of 
the so-called “‘satellites” of x-ray spectral lines. 
According to his theory, the satellite line is due to 
the simultaneous transition of an inner and an 
outer electron from a higher to a lower energy 
level, so that the energy of the emitted quantum 
is the sum of both energy differences, while for 
the ‘‘parent” line only the transition of the inner 
electron should be responsible. An alternative 
explanation of the satellites has been given by 
Wentzel? and Druyvesteyn,* who attribute their 
appearance to the possibility of double ioniza- 
tions of inner shells. 

A quantitative theoretical justification of the 
double transition hypothesis has in the first place 
to explain a considerable probability of a simul- 
taneous excitation of an outer electron and an 
ionization of an inner shell while for the double 
ionization a sufficiently frequent occurrence of 
such processes has to be explained. 

Whereas it seems at first that at least one of 
these two theories must be wrong, one has to 
consider the possibility that both have a certain 
but different range of applicability. Indeed, the 
experimental evidence rather leads to the con- 
clusion that one has to assume different mechan- 
isms according to whether one considers the 
satellites of K or L lines. While the former occur 
only in the spectra of comparatively light ele- 
ments, the latter show an irregular dependence‘ 


1F, K. Richtmyer, J. Frank. Inst. 208, 325 (1929). 

2G. Wentzel, Ann. d. Physik 66, 437 (1921). 

3M. J. Druyvesteyn, Zeits. f. Physik 43, 707 (1927). 

4F, K. Richtmver and S. Kaufman, Phys. Rev. 44, 605 
(1933). 


on the atomic number Z, being absent in the 
range from about Z=50 to Z=70, but occurring 
both for lower and higher atomic numbers. 

Recently Coster and Kronig® have succeeded 
in giving a satisfactory explanation of the L 
satellites both as to their great intensities and 
their peculiar dependence on Z. They have to be 
understood as the result of a special process of 
double ionization, due to the Auger emission of an 
M electron and the simultaneous radiationless 
transition of an L electron from (2p) to (2s). 

It is clear, however, that such an explanation 
cannot account for the satellites of the K series, 
and it seems to us that here, indeed, Richtmyer'’s 
point of view has to be taken into consideration. 
Some time ago, Ramberg® published arguments 
against the double transition theory, coming to 
the conclusion that such transitions should be 
expected to be far too improbable to account for 
the observed intensity of the Ka satellites. In his 
considerations, however, decisive features are 
omitted which, as we will see, bring the theoretical 
intensity of the satellites quite close to the ob- 
served order of magnitude. Our main objection 
applies against his argument, that the ratio of the 
probabilities of double excitation (i.e., simul- 
taneous ionization of the K shell and excitation 
of an outer level) to single excitation (i.e., mere 
ionization of the K shell) should be of the same 
order of magnitude as those of double transition 
to single transition. This would imply that the 
square of the latter ratio should give approxi- 
mately the intensity ratio of satellite to parent 
line and would indeed turn out to be of far too 


5 [). Coster and R. de L. Kronig, Physica 2, 1, 13 (1935). 
6 E. G. Ramberg, Phys. Rev. 45, 389 (1934). 
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small an order of magnitude. Although, however, 
as Ramberg points out, both double excitation 
and double transition involve the coupling of an 
inner with an outer electron, there is neverthe- 
less a radical difference between the two proc- 
esses, making the former far more probable than 
the latter. While in the double transition the inner 
electron merely changes between two inner 
levels, for the double excitation an inner electron 
is completely removed, thus in a nonadiabatic 
process changing approximately the effective 
atomic number Z* of an outer electron into 
Z*+1. As we will point out later for the case of 
the Cu Ka satellite, this has as a consequence 
that if the K electron is removed, there is not a 
small probability but almost certainty that at 
least one of the outer electrons will be excited; 
thus we understand also why in this case the 
satellite is found on the short wavelength side of 
the parent line and that there are not, as Ram- 
berg would expect, two corresponding satellites 
on both sides, the more intense one lying on the 
long wavelength side. 
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We believe also that there are other cases of 
double transitions. A particularly interesting one 
is associated with the occurrence of “forbidden” 
lines, and is brought to evidence by recent ob- 
servations of Ross.’ This mechanism can roughly 
be described in the following way: Instead of 
performing a forbidden radiative transition the 
atom is able to emit simultaneously a light 
quantum and an outer electron. The total system 
(consisting of inner + outer electron) can thus 
radiate by dipole emission (instead of quadrupole 
emission, as in the case of the forbidden line) and 
emit a continuum on the long wavelength side of 
the forbidden line, this type of “‘satellite’’ being 
more intense than the weak “‘parent”’ line. 

A more quantitative discussion of the processes 
here considered would necessitate very accurate 
knowledge of atomic eigenfunctions and involve 
a great amount of numerical integration. We 
will restrict ourselves in the next sections to 
pointing out the main characteristics of the most 
interesting cases and estimating their probability 
under special conditions. 


2. PROBABILITY OF DOUBLE TRANSITIONS 


We consider an inner electron 1 and an outer electron 2, assuming that the orbital dimensions of 1 
shall be small compared with those of 2; in this case the eigenfunctions of 1 and 2 will overlap only 
very little, so that their exchange can be neglected.. The presence of other atomic electrons shall be 
taken into account only insofar as they modify the potential field, in which 1 and 2 move, and as 
those transitions of 1 and 2 shall be excluded that lead to states occupied by any of the other electrons. 
This means that as ‘“‘zero order’’ atomic eigenfunction we assume a function that can be written as a 
product of functions, each of them depending only on the coordinates of one electron. 

Calling r,; and re the position vectors of electron 1 and 2 with components (x,y12:) and (x2Ve%2), 
respectively, we may expand the interaction energy of i and 2 in terms of the coordinates of 1 in the 
form: 


e”/ i/Ti—Te = e?/retv(ri, To) — e?/ro+v' (ri, To) +v'"(rj, To), (1) 
where v’ (nr), fe) =e7(riFe)/Te* (2) 
contains the terms that are linear, and 


v’’ (ri, Te) =e?/203(xivetyiVe+5132)?/re® —1i?/re* | (3) 


contains the terms that are quadratic in the coordinates of 1, higher order terms being neglected. 
The term e?/re in (1) has to be taken as part of the nonperturbed potential of electron 2, representing 
the screening due to the presence of electron 1. The coupling energy v=v’+v” shall be considered as a 
small perturbation. The nonperturbed eigenfunctions of 1 and 2 shall be generally designated by 
u,(1), U»(2), respectively, the corresponding energy levels by £, and £,,. Keeping only the terms 
linear in the matrix elements of v, we can write the eigenfunction of the initial state 


7F, Bloch and P. A. Ross, Phys. Rev. 47, 884 (1935). 
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Waa(1, 2)=u.(1)u.(2)- YS —— patel —1,(1)tm(2) (4) 
u, mta,a ff re E.—Ea, 


and that of the final state 


Yum, Bb 
Vo(1, 2)=ue(1)m(2)- ¥ u,(1)%m(2). (4a) 
uw, mt Bb E,t+Em —Es—E, 





We may assume furthermore, that not only the orbital dimensions of 1 shall be small compared with 
those of 2, but also, that the orbital dimensions of the final state 8 of electron 1 shall be small com- 
pared with those of the initial state a. In this case, the coupling energy v will practically act only on 
the initial state a, a and for the final state 8, b, we can, instead of (4a) write approximately 


¥an(1, 2) = ua(1)ao(2). (5) 
The emission of a light quantum with frequency 
v=(E,t+E.—Eg—E,)/h 


will be mainly due to a radiative transition of 1. According to the general rules of the quantum 
theory of radiation* the probability for such a transition will then be proportional to the absolute 
square of 

T= J y** exp (tkr,)(n, grad,)Pgdridre, (6) 
where n is a unit vector, perpendicular to the direction of propagation of the emitted quantum and k 
its vector of propagation; (n grad,) stands for 


n,0/Ox,+n,0/dyi +n 0/02, 


and d7, drz are the elements of the configuration space of 1 and 2, respectively. Using the expressions 
(4) and (5) and taking the functions (2) as orthogonal and normalized, we find for the “parent” line 





= fu,*(1) exp (ikr,)(n, grad,)u3(1)d7; (6a) 
and for the “‘satellite”’ 
Vaa, ub 
I=) -- fu *(1) exp 7(kr,)(n, grad, )ug(1)dr,. (6b) 
* E.+k,—-E,-—E 


The difference of frequency Av = (£,—£E,)/h between parent line and satellite will always be so small 
that their intensity ratio will be given by the ratio of the absolute squares of (6a) and (6b). The 
discussion of (6a) and (6b) offers two entirely different aspects, according to whether the parent line 
is allowed or forbidden and they shall therefore be treated separately. 


(a) Parent line allowed 

If J, is the angular momentum (measured in units h/27) of a state uv of electron 1, the well-known 
selection rules imply in this case that /,—/;= +1. Similarly, in (6b) there will noticeably occur only 
states wu, for which ],—/;=+1. Both conditions together lead to the selection rule /,—/,=0, +2. 
We may now split the matrix elements, occurring in (6b) into two parts, writing 


Vaa, yb= 0’ aa, pot” aa, pb (7) 
with V' aa, wbh= J Ua*(1)ua(2)v' (ti, T2)uy(1)my(2)dridre (7a) 
and vy” aa, pb S ta* (1) ual 2)’ (ri, ro) Uy (1 )up,(2)dr\d 72, (7b) 


*Cf.eg., G. Wentzel, Tandbuch der Physik, 24, part 1, p. 743 f.f. 
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using for v’ and v” the expressions given in (2) and (3). Since (7a) contains the coordinates of 1 linearly, 
it leads only to a result different from zero, if /,—l,= +1. This condition contradicts the selection 
rule /,—/,=0, +2, stated above and means that for the case of an allowed parent line, the terms 
(7a) will give no contribution to (6b). On the contrary, since v’’ contains the coordinates of 1 in the 
second power, (7b) will generally be different from zero for /,—/,=0, +2. 

We can therefore write (6b) in the form 


oo 
Uv aa, pb 


Tn“=> - —nceereranenrnine fu*(1) exp (?kr,)(n, grad,)u3(1)d71. (8) 
* E.+E.—E,— Fs + 

The energy differences -,—, of inner atomic levels will be big, compared with the outer atomic 
difference £,—£», so that we will get a considerable contribution to the sum (8) only from the term 
z=a, which simplifies our expression to 


? 
aa, ab 


——- fiuterp (tkr,)(n, grad,)u3(1)dr;. (8a) 


v 
E.—-E 


| = 


Comparing (8a) with (6a) we find finally for the intensity ratio of satellite to parent line 


! ! J} ! —a 12/ ~ 2 \ 
| Tgp %* | ?, |[32|?= VU aa, ai") (E,— E,)?. (9) 


In the following section we shall discuss this formula for the case of the Cu Kaz satellite. 


(b) Parent line forbidden 

We will consider here only the special case of a forbidden line, for which /, —/]3;=0, +2, so that (6a) 
vanishes. The situation is here just the inverse of case (a); the condition /,—/s= +1 which is still 
necessary for the nonvanishing terms in (6b) implies here /,—/,= +1, +3, a selection rule, which is 
only compatible with the terms (7a) but not with (7b). We obtain therefore 


, 
Vv aa, pb 





fora exp (7kr,)(n, grad;)u3(1)d 7}. (10) 


T° = z 
* Eet+E.—E,—E, 


The main difference between (10) and (8) has to be seen in the circumstance that here the term with 
“=a gives no contribution, since the average value of the coordinates of 1 in the state a@ vanishes. 
The sum has therefore to be extended over ‘‘intermediate”’ states u of the electron 1, different from a. 
Now the exclusion-principle formulated in the antisymmetry of the zero order eigenfunction demands 
that only such states uw shail be taken as are not occupied by any other electron and we have to 
investigate what possibilities there are left for 4. One of them is that uw refers to one of the optical 
levels of the atom; but the corresponding terms in (10) will generally appear with such small numera- 
tors and such big denominators that their contribution is negligible. Another possibility is u.=8. 
The state 8 has certainly to be supposed unoccupied since otherwise it could not be the final state for 
electron 1; however, for «=8 the integral in (10) vanishes. The only remaining possibility is that 
refers to the state a, left unoccupied by the transition of electron 2 from a to b. This term will give 
the main contribution to (10), if the orbit of state a lies in deeper regions of the atom than those of 
optical levels. This assumption can and shall be made for further simplifications; it is not in contra- 
diction to the distinction of ‘‘inner’’ and “‘outer”’ electrons, introduced in the beginning of this section 
since this distinction demands only the smallness of the orbital dimensions of a, compared with those 
of a. Omitting in (10) all terms, except the one with u=a, we find thus 


Tpu%* = (0" aa, wo/(Ea— Es) |S ua*(1) exp i(ker,)(n, gradi)us(1)dr. a8 





DOUBLE ELECTRON TRANSITIONS 19] 
Instead of comparing the probability of such a double transition with the forbidden single transition 
a—8, it is more convenient to compare it with that of the single transition a—. Using (6a), we find for 


their ratio 


R= T 3% i : | I 3° | a= ie on. ab 2/(Ea _— t)*. (12) 


In a paper, recently published with Ross,’ we gave an illustration of case (b), applying to the 
continuum, observed on the long wavelength side of K8; of molybdenum. Here the final state 6 of the 
outer electron 2 has to be considered to lie in the continuous part of the energy spectrum, correspond- 
ing to an ejection of this electron. Instead of a well-defined satellite, we get then a continuous band; 
the separation of its short wavelength end from the parent line is given by the ionization energy of 
the ejected electron. Neglecting the binding forces, acting on the ejected electron (which is a good 
approximation except for the immediate neighborhood of the short wavelength limit of the con- 
tinuum) we find from (12) for the relative intensity of the continuum lying within a frequency range 


dv: 


(13) 


In this formula the horizontal line refers to the averaging over the different directions of the vector 
ks with absolute value 


ko= (22/h)(2mE)}. 


E-=hyve, 3—hv— 1, is the kinetic energy of the ejected electron with mass m, va, g the frequency of the 
forbidden parent line and J,, 7, the ionization energies of the initial states of inner and outer electrons, 
respectively. 

The details of the intensity distribution represented by (13) depend sensitively on the special shape 
of the eigenfunction u,(2). As general features, we may mention: vanishing for E=0 (short wave- 
length limit of the continuum) rapid approach of a maximum and slow falling off towards longer 
wavelengths. 

The ratio of the total intensity of the continuum to that of the line a8 can be estimated to be of 


the order of magnitude 
: SdR =(e4/E@?)(ri/ro?)?, (14) 


r, and r, being the radius of the initial orbits of inner and outer electrons, respectively. 


3. INTENSITY OF THE Cu Ka SATELLITE 


The general formula (9) for the intensity ratio 
of a satellite to its strong parent line cannot be 
evaluated without further assumptions. We want 
to estimate its order of magnitude for the special 
case of the satellite Ka; of the Cu Ka, line, which 
has been carefully investigated by DuMond and 
Hoyt;’ its separation from the parent line Ka, 
corresponds to an energy difference of about 35 
e.v. The outer electronic configuration of Cu is of 
the type (3d)!° (4s)!, the 4s electrons in the solid 


J. W. M. DuMond and A. Hoyt, Phys. Rev. 36, 799 
(1930). The following considerations shall be regarded as 
an illustration of a possible double electron transition. 
That they cannot claim general validity is shown by the 
work of Coster and Thijssen on one of the & satellites of 
sulfur. 





state being probably conduction electrons. After 
having removed one inner electron, the 3d elec- 
trons have to be compared with those of Zn, 
the element with the next higher atomic number; 
their ionization energy, the first ionization poten- 
tial of the doubly ionized Zn equals 40 e.v.'® 
Considering the 4s electrons in the metal as 
practically free, it seems therefore plausible to 
assume that Cu Ka; is due to a previous excita- 
tion of a 3d electron and emission of a 1s electron 
and a subsequent transition 2p,4s—1s,3d. 

As already indicated in the introduction, we 
want first to show that the simultaneous excita- 
tion of a 3d electron and a transition 1s— * hasa 
considerable probability; in fact, the expression 


1 Bacher and Goudsmit, Alomic energy states, page 525. 
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(9) has to be multiplied by this probability in 
order to obtain the true intensity ratio of satellite 
to parent line. Let u,, and u, be the normalized 
eigenfunctions of one and the same 3d state in 
Cu and Zn, respectively. Then the probability 
that after having suddenly removed an inner 
electron, the electron will still be in its original 
3d state, is obviously given by 


1—e=| fuy*, umdr\?. 


¢ is then the probability that the electron is not 
found in its original but in an excited state since 
all states with lower energy are occupied by other 
electrons. For the estimation of « we assume that 
both states b’ and } can be described by hydro- 
genic functions, but with different effective 
atomic numbers Z* and Z’. We thus find for 


l=Z,n=3 
e=1-—[42*'2*/(Z*"4+2*)? ].7 


Z* and Z* we choose such, that they account for 
the observed ionization energy of 3d electrons of 
Zn** and Cut respectively, the former being 40, 
the latter 20.2 e.v.!' We obtain so 


Z*=3(40/13.5)'=5.2,  Z*’=3(20.2/13.5)!=3.7 


and e= 0.2. 


This means that for a specified one of the 10 
3d electrons there is a chance of about 1/5, 
that after having removed one inner electron we 
will find it in an excited state. Excluding the 
possibility that more than one of these electrons 
will be excitated, we have now to ask for the 
probability of having any one of them excited. 
Calling, for the moment, g the number of such 
equivalent electrons, we find for this probability 


P=ge/(g—1)e+1 


or with g=10, e«=0.2, P=5/7. (15) 


It is true that the assumptions which have led 
to this result, especially that of hydrogenic eigen- 
functions, can give only rough approximations; 
nevertheless we may state that it is perfectly 
understandable that there is practical certainty 
for an outer excitation, the value (15) being 
rather close to unity and therefore only a satellite 
on the short wavelength side is observed. Of 
course we cannot exclude the possibility of a 


1 Reference 10, p. 180. 
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corresponding long wavelength satellite, but in 
any case we would expect it to be considerably 
weaker than the one on the short wavelength 
side.* 

For the intensity ratio R of satellite to parent 
line, we have now 


R= P| Igp%*|?/| I s*|?, 


where in our case a stands for (2p), 8 for (1s), 
a for (4s), 6 for (3d). Since we only want to 
estimate the order of magnitude, we will leave 
out all factors of order of magnitude 1, and using 
(9), write R in the approximate form 


R 2(e*/(Ea— Ex)*)[(ri)?/(r0)* F, 


where 7; is of the order of magnitude of the radius 
of the 29 orbit, 7 of the order of magnitude of the 
radius of either 4s or 3d of the doubly ionized Zn. 
From the corresponding ionization energies, we 
may assume 


’; =a)/8, To =a,/2, 


ay being the Bohr radius. Taking furthermore for 
E,—E, the energy, indicated by the separation 
from satellite to parent line, i.e., #,— #,=35 e.v. 
=3I) where J is the ionization energy of hydro- 
gen, we find approximately 


R =(1/8)*/9(1/2)*= 1/576. (16) 
This result is only about a factor 3 times smaller 
than the observed ratio R=1/180, but it is 
naturally very unsure, because of the high power 
in which all possible errors appear. It shows, 
however, at least for the case of the Cu Kaz 
satellite, that the observed intensity lies entirely 
within the scope of the order of magnitude, 
theoretically to be expected and makes it plaus- 
ible that here, indeed, we are faced with an 
emission by double electron transition. 

~* Tf inner and outer excitation would a/ways occur 
together, the satellite corresponding to the transition 

2p(3d)"°—+1s(3d)%4s 


could of course not be observed, because the initial state 
would never be realized. One may object that nevertheless 
there should be a long wavelength satellite 


2p(3d)*—15(3d)*4s. 


It seems plausible, however, that the removal of a second 
(and even more so of a third, etc.) electron from the 3d 
level should occur with considerably smaller probability, 
so that this satellite should be expected to be quite weak. 
Besides it should not be exactly opposite to the long wave- 
length satellite discussed above. 
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The Size and Arrangement of Bismuth Microcrystals Formed from Vapor 


C. T. LANE, Sloane Physics Laboratory, Yale University 
(Received April 29, 1935) 


The magneto-resistance of films of bismuth, deposited 
on glass and mica, has been measured at room and liquid- 
air temperatures and for various angles between the film 
normal and the magnetic field (J7=16,000). The ratio 
AR_is0°¢ /ARy20% ~rises steeply for thicknesses between 
0.1 w and 0.4 w and then much more gradually to a thick- 
ness of 4u. The thermal coefficient of resistance shows no 


INTRODUCTION 


LTHOUGH there is a voluminous literature 
on the subject of metallic films, a wide 
divergence of opinion exists with regard to their 
actual structure. Some writers suppose that 
metallic films of thickness about 1 or less possess 
no regular crystalline structure; other authors 
take the opposing stand that such films possess 
the normal lattice of the bulk material. Still 
another view is that, depending on the conditions 
of preparation, thin films are initially amorphous 
but may be converted into normal structure by 
appropriate heat treatment.' A rather significant 
point seems to be that most films reported to be 
amorphous are produced by cathode sputtering 
and the unavoidable gas in the apparatus may 
form unstable compounds which break down on 
heating. In particular, an investigation by 
Gross’ on evaporated Bi films indicates that such 
films consist of minute crystallites, having the 
normal Bi lattice, the average size increasing as 
the film thickness increases. Further he finds that 
films less than about 1y thick possess fiber 
structure, thicker ones have a random orientation 
of the crystallites. Kirchner! has more recently 
investigated very thin bismuth films (0.014 and 
less) by means of electron diffraction. He finds 
that such films possess a fiber structure with the 
(111) plane parallel to the backing substance. 
The lattice constant deduced agrees with that 
determined by x-rays. 
Experiments on colloidal powders of Bi have 
shown that above a certain critical particle size 


' J. Kramer, Ann. d. Physik [5] 19, 37 (1934). 

* W. Biissem, F. Gross, Zeits. f. Physik 86, 135 (1933). 
°F. Gross, Zeits. f. Physik 64, 520, 537 (1930). 

'F. Kirchner, Zeits. f. Physik 76, 576 (1932). 


corresponding anomaly. X-ray analysis shows all the films 
to be composed principally of small crystals with (111) 
parallel to the backing. AR varies with the direction of H, 
the current remaining always in one direction in the film, 
as predicted, from experiments on monocrystals for such 
an assembly. The bearing of these results on the structure 
of metallic films is briefly discussed. 


(about Iu) the negative magnetic susceptibility is 
nearly constant, below this limit it decreases as 
the particle size is reduced. Ehrenfest® and 
Raman® have advanced the hypothesis that the 
very large diamagnetism of Bi is due to long 
electron paths and the above experiments sub- 
stantiate this view and fix the dimensions of such 
paths at about ly. A comparison between well- 
known experimental facts relating to the mag- 
netic susceptibility and the magneto-resistance 
in Bi suggests that they have a common origin, 
possibly the long paths just mentioned. 

If we accept the view that progressively thinner 
films possess progressively smaller crystallites, we 
should expect, on the basis of the above, the 
magneto-resistance to show a sharp discontinuity 
at some critical film thickness. To test this idea 
the following investigation was undertaken. 


TECHNICAL METHODS 


All the films used in this experiment were 
produced by evaporation of the Bi metal in high 
vacuum, and deposited on glass or mica backings. 
The arrangement of the evaporating apparatus is 
shown in Fig. 1. A is a cylindrical furnace, with a 
rectangular slot approximately 40.5 cm cut in 
the wall; BB are two copper ends. The heating 
units consist of Mo wire wound on mica forms 
lying in three grooves running lengthwise along 
the tube. Over the tube and windings is placed a 
heavy copper cylinder. The material of the tube 
is German “Sillimantin—R Masse.” The three 
heating units are connected in parallel between 
the blocks BB. One of the electrical input leads 
(L) is water-cooled. The lower part of the 


> P. Ehrenfest, Physica 5, 388 (1925). 
6C, V. Raman, Nature 123, 945 (1929). 
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Fic. 1. Apparatus for producing thin bismuth films. 


apparatus consists of a copper tube (C) also 
water-cooled. The molecular beam is collimated 
by three slits and the second one has a “‘trap- 
door” arrangement actuated from D, so that the 
time of deposit can be accurately controlled. The 
backing material, on which the film is deposited, 
is fixed to E, which consists of a copper-to-glass 
seal. In this way the backing surface may be 
cooled with liquid air if desired. During evapora- 
tion a vacuum of about 10-> mm Hg is main- 
tained in the apparatus. 

The films were all about 0.52 cm’, with a 
thick deposit of metal at each end and were 
clamped between brass blocks mounted on a 
lavite block. This gave satisfactory electrical 
contact. 

For measurements at low temperatures a 
thermostat similar to the one employed by Foéx 
and Forrer? for magnetic susceptibility investi- 
gations was constructed. This gave a continuous 
variation in temperature from — 180°C to +20°C 


7G. Foéx and R. Forrer, J. de physique [6] 7, 180 (1926). 
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and was economical to use. The magnetic field 
was produced by a large Weiss water-cooled 
magnet. The field over the surface of the film was 
constant at about 16,000 gauss in all the experi- 
ments. A Wheatstone bridge arrangement was 
used to measure the electrical resistance. The 
film thickness was determined in the usual 
manner by weighing. A small goniometer was 
employed which permitted the rotation of the 
film in the magnetic field about any one of three 
mutually perpendicular axes. 


PROCEDURE AND RESULTS 


The conventional method of expressing mag- 
neto-resistance is by the ratio 47, 7 where Ar is 
the increase in r when the magnetic field is 
applied and, as Gross* has already shown, this 
ratio when plotted against film thickness has a 
rather ill-defined discontinuity between 1 and 
2u. Unfortunately such a curve tells us nothing 
about any possible discontinuities in the mag- 
neto-resistance, since it has long been known 
that the resistance 7 itself is a discontinuous 
function of film thickness. Gross explains the 
form of his Ar, 7 versus thickness curve on this 
basis. We can, however, as will presently appear, 
proceed in a somewhat different manner. In Fig. 
2 is plotted the ratio of the field free resistance at 
any temperature 7 to that at +20°C for a 
number of films of widely different thicknesses. 
The points are seen to cluster reasonably well 
about a smooth curve, indicating that the 
temperature coefficient of resistance, in the range 
studied, is very approximately independent of 
the thickness of the film. The ratio 

(Ar/r)r, (Ar)r, 

ica daaman ia ehemeaics 

(Ar r)r, (Ar)r, 
is therefore a measure of the temperature de- 
pendence of the magneto-resistance. In Fig. 3 
this ratio has been plotted against film thickness, 
the two temperatures chosen being — 180°C and 
+20°C, respectively. A sharp discontinuity is 
seen to occur at about 0.4y and the ratio is seen to 
extrapolate to somewhere near unity at zero film 
thickness. Unit ratio means temperature inde- 
pendence. A possible explanation of this result is 
given in the discussion. 
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Fic. 2. Relation between field free resistance and temperature for various films. 
In order to gain some additional information Stierstadt> in a number of recent papers has 
i regarding the crystalline structure of the films reported extensive measurements for Bi mono- 
under investigation, both magnetic and x-ray crystals. This suggests a convenient way to 
tests were made. The x-ray analysis was carried determine the orientation of the crystallites in 
out using Mo radiation, the film being set at the the film. Hence three sets of experiments, in 
appropriate Bragg angle for reflection from the which films were rotated in a magnetic field, 
111) plane of Bi. A typical photograph is were undertaken. Hereafter an axis perpendicular 
j reproduced in Fig. 4 for a film about 2¢ thick and — to the plane of the film is referred to as the [111 
shows a definite fiber structure. Analysis of the — avis. 
picture shows the (111) plane to be parallel to the (1) As the film was rotated about an axis 
backing, with the (200) and (220) planes also — parallel to // (the magnetic field), the current and 
giving reflections. It was not found possible to [111] axis being kept mutually perpendicular to 
obtain photographs of the very thinnest films 
tested, because of the small amount of scattering 
matter present. Films 3-4u in thickness also 
' showed the same fiber structure, in disagreement 
with Gross who reported films of this thickness 
to have a random orientation of crystallites. 
It has long been known that the magneto- 
resistance of Bi single crystals is anisotropic and 
‘ 
20 
AR480 15 
4R,20 
i 10 
é) 
——— see 
j Film THICKNESS « 
Fic. 3. Relation between temperature dependence of ‘QO. Stierstadt, Zeits. f. Physik 80, 636; 85, 310, 697 


magneto-resistance and film thickness. 


(1933); 87, 687 (1934). 
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Fic. 5. Relation between magneto-resistance and magnetic field direction for various films. 


/1, no variation in AR was found. This is typical 
of a polycrystalline aggregate. 

(2) As the film was rotated about the [111 ] 
axis with the latter always perpendicular to the 
magnetic field, Ar was found to vary harmonically 
in a way which was again entirely typical of a 
polycrystalline aggregate. 

(3) As the film was rotated about the current 
as axis, the latter remaining always perpendicular 
to //, Ar varied in a characteristic manner as 
shown in Fig. 5. Now these curves are identical 
with those found for a monocrystal with [111 ] 
t//1 current rotated about the current as 
axis.** Further the form of the curve is seen to be 
independent of the film thickness. 


DISCUSSION 


The first fact which emerges from these 
experiments is that all the films within the range 
0.14 to 4u are definitely crystalline. The curves in 
Fig. 5 alone rule out any possibility of an 
amorphous structure. Further the x-ray photo- 


s* Fig, 7, p. 315 of the second paper. In Stierstadt’s 
notation ¢=0 is the same as our ¢=90. 


graphs and the magnetic experiments show that 
all the films possess a fiber structure with (111) 
parallel to the plane of the backing (Exp. 3), the 
orientation being otherwise random (Exps. 1 and 
2). This disagrees with Gross’ statement that 
only films less than 1y thick fiber 
structure. 

A possible explanation of Fig. 2 is as follows. 
In the introduction we have already outlined the 
Ehrenfest-Raman theory and some salient ex- 
perimental tests of it. Now it is well known that 


the susceptibility (and magneto-resistance) of Bi 


possess 


is strongly temperature-dependent in the solid 
state, but temperature-independent in the liquid. 
This forcibly suggests that the temperature 
dependence has its origin in the large orbits, 
since the sharp decrease in susceptibility at fusion 
means that the large orbits no longer exist in the 
liquid phase. Hence as the particle size is reduced 
below the critical value the magneto-resistance 
should become more and more nearly tempera- 
ture-independent approaching complete temper- 
ature-independence for infinitely small particles 
(corresponding to the liquid phase). Now the 
ratio plotted in Fig. 2 is a measure of the 
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temperature dependence of the magneto-resist- 
ance plotted against film thickness; it shows a 
discontinuity in slope at a certain critical film 
thickness, and the curve extrapolates approxi- 
mately to the value unity (temperature inde- 
pendence) for zero particle size. 

It is not possible to say accurately what the 
particle diameter corresponding to a given film 
thickness is, since the relationship between these 
two quantities is not accurately measurable. 
Gross, on the basis of his x-ray measurements, 
finds that the average particle diameter is 
around 25 percent greater than the film thick- 
ness. We should not, of course, expect all the 
particles in a given film of ‘‘uniform” thickness 
to be equal in size, but rather the particles 
should possess a statistical distribution of sizes, 
the average dimensions depending on the thick- 
ness of the film in question. For this reason, 
probably, the curve in Fig. 2 shows a slow rise in 
value above the critical point. The susceptibility 
of colloidal powders shows the same effect for 
the same reason. 

In connection with the foregoing, an observa- 
tion by Goetz® should be mentioned. He has 
found that in films of bismuth produced by slow 
evaporation, the backing being below 100°C, the 
first few thousand layers (several uw) have a 
microcrystalline structure. Succeeding layers on 
the other hand have a macrocrystalline structure 
consisting of parallel growths of small individual 
columns of triangular or rhombohedral cross 
section. He suggests, on the basis of some 
observations by the writer!’ on the susceptibility 
of bismuth films, that this microcrystalline 
structure has a lower susceptibility than the 
macrocrystalline structure, and since the actual 
crystal structure of all the layers is most probably 
the same as the bulk metal, the difference 
between these two structures must be one of 
average particle size only. The method used by 
Goetz to observe these two structures was that of 
reflected polarized light and a microscope. The 
film thickness at which the microcrystalline 
structure merges into the macrocrystalline as 
found by Goetz (several «) does not agree with 
the present observations which finds this tran- 


* A. Goetz, Nature 132, 206 (1933). 
'C. T. Lane, Nature 130, 999 (1932). 
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sition at about 
determined by the experiments on_ colloidal 
powders is at about 1 the present work seems to 
be in somewhat better agreement, although, as 
has been mentioned, it is somewhat difficult to 
make any definite statements about particle size 
on the basis of film thickness. However, the 
magnetic method used here should, a priori, be 
much more delicate than any microscopical 
method since the particle size, as we know from 
the work on powders, wields a great influence on 
the magnetic properties. 

The present work suggests that two interesting 
effects should be present in colloidal powders. 
We have already pointed out the experimental 
evidence all points to the conclusion that, as far 
as bismuth is concerned, the phenomena of 
magneto-resistance and diamagnetic suscepti- 
bility both have a common origin. For instance, 
the temperature dependence of the two effects, in 
bulk material, is completely analogous. Thus as 
the temperature is raised from —180°C up 
through the melting point the diamagnetic 
susceptibility decreases up to the melting point 
whence upon liquefaction it suddenly drops to a 
very small value which is thereafter temperature 
independent. The magneto-resistance does pre- 
cisely the same thing. Hence one should expect 
that the temperature dependence of susceptibility 
of thin films, or colloidal powders, should follow 
the same course as has been found for the 
magneto-resistance. In other words the func- 
tion (x~180°c)/(x420°c) versus particle size should 
have somewhat the same form as Fig. 2. No 
results on this point have, to the writer's 
knowledge, been published up to the present. 

Secondly, the curves in Fig. 5 indicate that 
particles below the critical size are still anisotropic 


0.54. Since the transition as 


as far as the magneto-resistance is concerned and 
hence, from what has been said above, such 
particles should also show an _ anisotropic 
diamagnetism. 

This effect has already been found, experi- 
mentally, by Goetz, Faessler and Focke" in the 
case of graphite, which, of course, is very similar 
in its magnetic behavior to bismuth. 


1! A. Goetz, A. Faessler and A. B. Focke, Phys. Rev. 39, 
553 (1932); A. Goetz and A. Faessler, Phys. Rev. 40, 1053 
(1932). 
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Finally, in connection with the first-mentioned 
effect to be expected, the case of carbon black is 
of interest. The diamagnetic susceptibility of this 
substance is virtually temperature independent" 
and Warren" has found, on the basis of x-ray 


'2M. Owen, Ann. d. Physik [4] 37, 657 (1912). 
B. E. Warren, J. Che n. Phys. 2, 551 (1934). 
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examination, that it consists of graphite of 
extremely small particle size. 

It is a privilege to thank Professor L. W. 
McKeehan for many helpful discussions during 
the progress of this work. I am indebted to Yale 
University for a Sterling Fellowship during the 
tenure of which this work was done. 
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Dilatations in Rochelle Salt 


IRWIN VIGNEss, University of Minnesota 
(Received April 23, 1935) 


The inverse piezoelectric effect of Rochelle salt has been 
studied by means of mechanical dilatometers. The dilata- 
tion of a crystal along a direction 45° to the } and ¢ axes 
and 90° to the a axis, caused by an electric field impressed 
in a given direction along the a axis, has been found, in 
general, not to be the same as the dilatation caused by an 
equal field impressed in the opposite direction. This indi- 
cates a permanent electric polarization within the crystal. 
A prolonged application of voltage along the a axis slowly 
changes this ‘‘permanent”’ polarization, which gives rise to 
an inverse piezoelectric fatigue effect, and is associated with 
the fatigue effect as observed by Valasek. Oscillograms 


T has been shown! that there is a one to one 

relation between the change of lattice con- 
stant, as measured by x-rays, and the corre- 
sponding change of external dimensions as 
measured by means of a microscope. The effect of 
x-rays on a Rochelle salt crystal is not a negligible 
factor. Besides the ordinary yellow coloring of 
the crystal, due to the x-rays, there occurs a 
roughening of its surface. A crystal placed in a 
dry atmosphere will normally become coated 
with a white dehydrated salt. This will not form 
where an intense x-ray beam impinges. Thin 
aluminum foil fastened to a surface of a crystal 
will tend to disappear under the action of an 
x-ray beam. Crystals completely painted with a 
solution of celluloid in amyl acetate, so as to 
form an impervious coating, had small amounts 
of liquid form between the crystal and the 
coating after long exposure to x-rays. These 
indicate a gradual disintegration of the crystal. 


1Vigness, Phys. Rev. 46, 255 (1934). 


showing the rate of deformation of a Rochelle salt crystal 
were taken. The forms of these curves, for small distortions 
of the crystal or small applied fields along the a axis, are in 
approximate agreement with the exponential type as re- 
quired by the theory of Schulwas-Sorokin and Posnov. The 
relaxation times varied from zero at the Curie points to 
a maximum approximately midway between the critical 
temperatures. The thermal expansion of Rochelle salt 
along the three crystallographic axes was determined 
through the upper critical temperature. No discontinuities 
were observed, but a change in the rate of expansion oc- 
curred at the Curie point for the } and c axes. 


For x-rays, from a copper target excited at 10 
ma and 28 kv, incident on the crystal, there was a 
change of the lattice spacing, (021) planes, of the 
order of 10-° cm per cm per minute, the rate of 
which decreased as the time of exposure in- 
creased. The reflected spectrum lines broadened 
as the time of exposure to the x-rays increased, 
which indicated increasing imperfections in the 
crystal structure. It was found inadvisable to 
use a given crystal after it had been exposed to 
x-rays of the above intensity more than 20 hours. 

As mechanical or optical measurements of 
strain are equivalent to x-ray measurements, 
there appeared to be no reason for adhering to 
the x-ray method if more suitable means could be 
found. 


_DILATOMETERS 
The dilatometers constructed are shown in Fig. 
1. In type } the crystal, A, was fastened at one 


end to a hard rubber support by means of 
celluloid dissolved in amyl acetate, hard rubber 
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kiGc. 1. Dilatometers. A is a material whose coefficient 
of expansion is being measured. B is a material whose 
coefficient of expansion is known. M,, M, m, mz are mirrors 
attached to needles. The arrows in Fig. } refer to the path 
of light. C; and C are counterweights. 








was used for insulating purposes, the other end of 
the crystal rolled on two needles as illustrated. 
Thin sheet rubber was stretched tightly over 
portions of the surfaces that would otherwise 
make contact with the needles. This was to insure 
no slippage and was necessary for all experiments 
involving a sudden application of an electric field 
causing a rapid change in length of the crystal. 

The second dilatometer (a of Fig. 1) was used 
only in measuring the thermal expansion of the 
crystal. Except for the needles and mirrors all 
parts were constructed of brass. A very similar 
instrument of quartz was recently described by 
Clark Williams.? The mirrors, M@, and M, are 
caused to rotate by the material whose thermal 
expansion is being studied and by a standard 
sample, respectively ; from the differences in their 
rotation the differences in their rate of expansion 
can be determined. Motions or expansions of the 
rest of the apparatus cancel out. The material 
used in B was brass, the composition of which was 
i3 zinc and 2/3 copper; the coefficient of 
expansion*® for this material is 18.310~® A 
small lateral scratch was made on both A and B 
to make a reference line of contact with the 
knife-edge support. The surfaces upon which the 
needles roll are made flat and polished. With 
needles 0.06 cm in diameter and with the 
distance from the mirrors to the scale 150 cm the 
amplification per unit length of the crystal, for 
the type a, is about 5000, for type } there is twice 
this amplification. 


ASYMMETRY OF INVERSE PIEZOELECTRIC 
RESPONSE 


Voigt* has shown that for a crystal of the 
symmetry of Rochelle salt the relations con- 








? Clark Williams, Phys. Rev. 46, 1011 (1934). 

3International Critical Tables, Vol. 2, page 469. 

*Voigt, Lehrbuch der Kristallphysik, Chapter 8, Leipzig 
(1910). 
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necting the six strain components and electric 
field reduce to 


y¥2=dyE,; 2,=d2;E,; Xy=dgE.; 


¥:, 22 and x, are strain components, d;; the 
piezoelectric moduli and E,, E,, E, the electric 
field components along the respective axes. For 
voltage applied along the a axis the change in 
length per unit length of a crystal, along a 
direction r, which is perpendicular to the a axis, is 


Ar ‘r=dymnE,, 


where m and » are the direction cosines of r with 
respect to the y and z axes. 

The above equation shows that the direction of 
maximum piezoelectric expansion or contraction 
of a Rochelle salt crystal is in a direction 45° to 
the b and ¢ axes and 90° to the a axis; crystals 
were therefore cut with r along this direction. 
Tin foil electrodes fastened to the crystal by 
means of Canada balsam xylol solution were used. 

That the inverse piezoelectric effect is not the 
same for the voltage applied in one direction, 
along the a axis of the crystal, as it is for the 
same voltage applied in the opposite direction is 
shown in Fig. 2. A check of the values of strain 
for corresponding voltages and temperatures 
shows good agreement between the x-ray and 
dilatometer measurements.' Staub® shows a 
similar lack of symmetry between the change of 
positive and negative fields along the a axis 
(actually along a line perpendicular to the (111) 
planes, which is quite equivalent for purposes of 
comparison) and the change of the intensity of an 
x-ray beam reflected from the (111) planes. The 
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Fic. 2, Nonsymmetrical response of a crystal to voltages 
impressed in opposite directions along the a axis. 


®Staub, Helv. Phys. Acta 7, 3 (1934). 
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lic. 3. Inverse piezoelectric displacement as a function of 
the moisture content of the crystal. 


shapes of the curves show that there is not a 
linear relation between the change in lattice 
spacing and the change of intensity of the 
reflected x-ray beam. 

The effect of drying a crystal is shown in Fig. 3. 
The crystal was initially moist and CaCl. was 
placed in the crystal chamber for the time 
indicated. For the dry crystal the inverse 
piezoelectric strain was quite symmetrical but 
smaller, on the than for the moist 
crystal. 


average, 


POLARIZATION AND FATIGUE EFFECT. 
RELAXATION TIMES 


A very prominent characteristic of Rochelle 
salt crystals is the sluggishness with which the 
deformation of the crystal takes place when small 
voltages are applied along the active axis,’ ® or 
when the electric field is removed from this axis. 
The measurement of the final deformation is 
made additionally difficult by a gradual creep 
that may persist for hours. 

Rochelle salt crystals about 3.51.50.5 cm 
were used in dilatometer type } (Fig. 1), the 
greatest dimension was in a direction 45° to the b 
and c axes and the smallest was along the a axis. 
Because of surface conductivity it was not found 
practicable to keep a saturated solution of 
Rochelle salt in the chamber containing the 
crystal, as short circuits would gradually develop 
between the electrodes of the crystal when 
voltages were applied for long periods of time. 
For measurements involving the long applica- 
tions of voltage CaCl. was kept in the crystal 
chamber unless otherwise stated, but in no case 


Schulwa Phys. Rev. 47, 175 





and Posnov, 


6 Schulwas-Sorokin 
(1935). 
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Fic. 4. Gradual polarization of a crystal due to a field 
of — 254 volts per cm along the a axis applied continuously, 
except for short intervals of time necessary to apply a 
change in voltage and to determine the corresponding 
change in length of the crystal. 


were crystals used if they exhibited any physical 
evidence of dehydration. Kobeko and Kurt- 
schatov’ state that there is no fatigue effect? if 
liquid (saturated Rochelle salt solution) elec- 
trodes are used, and Staub*® gives the time of 
relaxation as strongly dependent on the dryness 
of the crystal. The results given here will 
correspond to those obtained from a ‘“‘dry” 
crystal. 

The effect of an application of an electric 
stress along the a axis for a considerable period of 
time is illustrated in Fig. 4. Previous to this 
experiment the crystal from which these data 
were derived had been subjected to an electric 
stress of +254 volts per cm for several hours. 
The direction that is called positive is arbitrary. 
The field was reversed in direction at zero time on 
the graph, and its effect on the inverse piezo- 
electric effect, as a function of the time of its 
application, was studied. It is to be noted that a 
gradual polarization of the crystal takes place 
which slowly changes the zero field length of the 
crystal. The electric field is removed for about 15 
seconds for the determination of the length at 
zero field. This gradual change in the zero field 
length of the crystal corresponds to a change in a 
“permanent” polarization of the dielectric. The 
longer an electric stress is applied in a given 

7 Kobeko and Kurtschatov, Zeits. f. Physik 66, 192 (1930). 

* By the fatigue effect is meant that as the time of charge 


of a condenser (Rochelle salt dielectric) is made longer, the 
quantity discharged in a given time becomes less. 
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Fic. 5. Fatigue effect. Inverse piezoelectric response due 
to a negative and positive electric field of 254 volts per 
cm along the a@ axis. An electric field of —254 volts per 
cm has been applied for the time indicated on the abscissa, 
except during the time the voltage was changed in order 
to determine the inverse piezoelectric response. 


direction along the a axis, the less will be the 
deformation caused by a removal of this voltage, 
and the greater will be the deformation caused by 
a removal of a field applied a short time (15 
seconds) in the opposite direction. This is the 
fatigue effect® expressed in terms of the deforma- 
tion of the crystal and is illustrated in Figs. 4 
and 5. 

The rate of change of deformation of a crystal 
is shown in Fig. 6. In general the rate of re- 
laxation, caused by a removal of the electric 
field, is less than the rate of deformation caused 
by electric fields greater than 30 volts per cm. 
An analysis of curves of these types shows that 
the sluggishness of the crystal decreases from a 
maximum, approximately midway between the 
Curie points, to zero at the Curie points. If a 
large voltage (greater than 100 volts per cm) is 
applied along the a axis, the crystal deforms very 
rapidly to a point that appears very near 
saturation; but a creep may begin after this 
initial deformation that is caused by a gradual 
change in the permanent polarization of the 
crystal. For small values of field (less than 40 
volts per cm) it is predicted by Schulwas-Sorokin 
and Posnov‘* that these curves will be of a simple 
exponential type. 

The first of the oscillograms illustrate very 
markedly the difference in the inverse piezo- 
electric response to positive and negative electric 


*Valasek, Phys. Rev. 24, 560 (1924). 
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fields of equal magnitudes along the a axis. The 
ordinate scale for all the curves of Fig. 6 is the 
same, 

Schulwas-Sorokin and Posnov suppose that the 
motion of an electric dipole with respect to the 


lattice can be represented by the equation 
VX4 oh C4gXg = M,, 


where v is a constant of viscosity, ci an elastic 
constant, x4 is the shear strain, and MM, is the 
applied mechanical stress (shear, corresponding 
to x4). There would be a similar equation for an 
applied electric stress. The electric field is as- 
sumed to be zero. The equation is obviously 
correct only for small values of stress, as it 
assumes that the final value of displacement is a 
linear function of the stress. This is approxi- 
mately true (Fig. 2) if the stress is limited to the 
equivalent of 40 volts per cm. 

For the relaxation times as are represented 
from data derived from curves of the type shown 
in Fig. 6, we have assumed that MM, and the 
electric field are zero; i.e., we remove the stress, 
thus 


VL4= — CygX4. 


The displacement Ar/r is proportional to the 
strain x, as the displacement is in a direction 45° 


> Bent * 
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Fic. 6. Oscillograms of the dilatation of a crystal as a 
function of time. An electric field is applied along the 
a axis at a, this field is removed and the crystal faces short 
circuited at 0, the field is applied in the opposite direction 
at c, and at d the field is again made zero, 
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kc. 7. Relaxation times. 
































to the b and ¢ axes. Therefore in Fig. 7 it is 
assumed that 

Ar/r=Ke-*’®, 
which is a solution of the above equation. The 


constants have been adjusted to fit the relaxation 
curves of the type shown in Fig. 6. These curves 
plotted on semilogarithmic paper appear as 
fairly straight lines except for the steepest portion 
of the curves, where the rate of deformation is too 
great. In Fig. 7 the time constant, ‘=86, has been 
plotted as a function of the temperature. From 
the experimental data there appear to be three 
relaxation times of quite different orders of 
magnitude. A very short time, which makes the 
crystal suitable for microphones or loudspeakers, 
a time of the order of a few seconds, which is 
represented in Fig. 7, and a time in the order of 
minutes, which is apparent in the fatigue effect 
and which is illustrated in Figs. 4 and 5. 


THERMAL EXPANSION 

Valasek” has determined the 

coefficient of expansion along the three crystal- 

lographic axes of Rochelle salt and states that no 

abnormal change in the rate of expansion was 
observed at the critical points. 

The dilatometer, type a Fig. 


temperature 


1, was used to 


determine the rate of expansion through the 
upper critical temperature. No elaborate pre- 
cautions were made in order that the absolute 
magnitude of the coefficient of expansion might 
be determined, 


 Valasek, Phys. Rev. 20, 639 (1922). 


though the values should be 
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Fic. 8. Thermal expansion of a Rochelle salt crystal along 
the three crystallographic axes. 


correct within two percent. Temperature was 
measured by means of a thermometer placed in 
the crystal chamber. It was found necessary to 
wait approximately one hour after the thermome- 
ter had reached a steady value before a measure- 
ment of the expansion of the crystal could be 
taken. This meant that the time necessary for the 
apparatus to come to an equilibrium temperature 
was about 6 hours. 

From data of the type shown in Fig. 8 the 
coefficients of expansion along the three principal 
axes are found to be 


. 


From +12°C to +35°C 
From +12°C to +24°C 
From +24°C to +35°C 
From +14°C to +24°C 
From +24°C to +34°C. 


a=58.3x10-6 
b=35.5x10-* 
= 39.7 x 10-® 
=42.1x«10-° 
= 43.6x10-§ 


This shows a change in the rate of expansion 
along the } and ¢ axes at the upper Curie point. 
The anomaly of the specific heat at the upper 
critical temperature’: leads one to expect a 
corresponding anomaly in the coefficient of 
expansion.” 

In conclusion I wish to express my sincere 
appreciation to Dr. Joseph Valasek, under whom 
I have been privileged to work, and Dr. Henry 
A. Erikson, chairman of the department of 
physics, for their helpful advice and for their 
assistance in obtaining the materials necessary 


for this work. 


1! Kobeko and Nelidow, Physik. Zeits. d. Sowjetunion 1, 


382 (1932). 
2 Rusterholz, Helv. Phys. Acta 8, 39 (1935). 
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Radiative Capture of Protons by Carbon 


G. Breit AND F. L. Yost, Department of Physics, University of Wisconsin 
(Received June 4, 1935) 


In previous notes! we have reported results of calcula- 
tions which show that the probability of y-ray radiation is 
sufficiently high to make the reaction C!?+H!—+N!+y a 
probable one. It turned out that the theoretical yield is 
larger than that observed by a factor of roughly 1000. 
As in all intensity calculations the overlapping of wave 
functions in the initial and final states is of primary im- 
portance and the theoretical result is sensitive to this over- 
lapping. The apparent discrepancy between calculation 
and experiment may be taken to indicate that the inter- 
action between C'? and H! is not represented sufficiently 
well by a potential function which is constant inside C™ 


and is Coulombian outside of it. In order to decrease the 
theoretical yield one has to change the potential in such a 
way as to decrease the region in which the initial and final 
wave functions overlap or else one must shift the region 
towards smaller radii. The y-ray yield expected in the 
bombardment of Be® by protons is calculated for a nuclear 
radius of 0.318107? cm and a well 9 MEV deep. It in- 
creases more slowly with the voltage than the observed 
intensity indicating a deeper nuclear well. A simple dis- 
cussion of the method of complex eigenwerte is applied to 
the properties of wave functions near resonance. 





RELATIONS FOR CAPTURE IN A 


CENTRAL FIELD 


PARTICLE of mass M, and charge Ze 

traveling with velocity v is incident on 
another particle of mass J, and charge Zee 
supposed to be initially at rest. The particles 
repel each other according to the inverse square 
law of force when they are separated by distances 
r>ry. Inside 7 the force is supposed to remain 
central but to change into an attractive one. The 
system is transformed as usual into a separable 
system in which the coordinates of the common 
center of mass and the relative coordinates of the 
two particles can be treated independently of 
each other. The kinetic energy of the center of 
mass is constant and the factor of the wave 
function which involves the relative coordinates 
satisfies a Schrédinger equation for a single 
particle with mass 


u= M,M2/(M\+ M2). (1) 


1. GENERAL 


The kinetic energy of relative motion is (u/4)T 
where 7'=(}).\,v? is the kinetic energy of the 
incident particle. The plane wave which repre- 
sents v particles Z,, MJ, per second per cm? 
traveling along the Z axis is described in the 
reference system of the center of mass by e“? 
where 

k=po/h (2) 
and x, y, z are the relative coordinates of particle 


1G. Breit and F. L. Yost, Phys. Rev. 46, 1110 (1934); 
47, 508 (1935). 


1 with respect to particle 2. 
If the field were Coulombian also inside r= ro 
the plane wave would be modified by the field 
into* 
e*?45°(2L4+1)i"P (cos O)e"*LF 1 (p)/p; 
0 
p=kr, 

' (3) 
oLt=arg T'(L+1+in); 

n=1/ka=Z,Z00 


*137""v. 
Here F, is the solution of 
[d?/dp?+1—2n/p—L(L+1)/p?]F.=0, (4) 


which is regular at p=0 normalized so as to be 
asymptotic to a sine wave of unit amplitude at 
p= «. The deviation of the field from the inverse 
square law modifies (3) into 


e435 (2L4 1)i*P 1(cos d)e*LF 1(p)/p, (5) 
0 


where F, is the solution of the radial equation in 
the changed field for the azimutha] number L 
normalized to be asympototic to a sine function 
of unit amplitude at p< and regular at p=0. 
The radial equation is (4) for r>ro and 


[(d2/dp?+1+(2/yv?) U—L(L+1)/p?]F.=0; 

r<ro, (4) 
where U is the potential energy inside the 
“potential well.” 


~ ?N.F. Mott and H.S. W. Massey, The Theory of Atomic 
Collisions (Oxford University Press, 1933), Chapter III. 
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The incident wave in accordance with Eq. (5) 
consists of a superposition of states with different 
orbital angular momenta LL. The transition 
probability from any of these states to a lower 
stable state can be calculated by the formula 


Mn n | 74 | Min n™ | a4 | Winn? | , } (6) 


where 3M is the dipole moment due to the relative 
displacement of the two particles and m, n are, 
respectively, the magnetic quantum numbers of 
the incident and bound state. Eq. (6) is well 
known for two stationary states and the matrix 
elements entering it are supposed to be calculated 
by using wave functions normalized to unity. 
Introducing a fundamental volume J one has to 
divide expression (5) by V} and using that 
expression in (6) one obtains the transition 








2567°e? v*® 


It is often desirable to express F, inside the 
barrier as a multiple of a function @ having unit 
amplitude at r=7) and proportional to F,. One 
can determine the value of F;, at r=7 in terms of 
the logarithmic derivative of F, at r=ry—0 and 
the values of F, and G,; at r=”. Here G, is the 
solution of Eq. (4) which is asymptotic to 
cos [p—L2r/2—7|1n 2p+o¢,] while F, is asymp- 
totic to sin{p—Lx/2—n In 2p+o_, |. Requiring 
that for r>r, Fr, be expressible as a linear 
combination of F;, and G,; and that for large p the 
function F;, should consist of F, and a term in 
e’” one satisfies the condition of having (5) equal 
to a sum of the modified plane wave (3) and a set 
of diverging waves. It is found by an easy 
calculation that 


F.=(F./A—F.iG161,—-iF 1761)),-°t%, (9) 


6,=(Fi'/Fi—F1'/F 1) mr (9’) 


where the last differentiations are with respect to 
p. The connection with usual formulas of the 
theory of anomalous scattering is given by the 


AND F. 1. 





YOST 


probability when the incident state corresponds 
to v/ V particles, sec.,cm*®. The number of cap- 
tures which occur per second due to a single 
nucleus exposed to the bombardment of N 
particles,sec.,cm? will be defined as No and o 
will be called the collision cross section. Using (6) 
in the above manner one obtains therefore 
vo/ V. This amounts to using (5) directly in the 
calculation of matrix elements and equating the 
result to vc. Due to any term with a definite L 
in (5) it is possible to obtain a transition to a 
lower stable term having azimuthal quantum 
number L+1 or L—1. We let the radial wave 
function of the stable state be R and we normalize 
it so as to have 


Jo R’rdr=1. (7) 


Performing the angular integrations in (6) one 
finds 


(Lt Ate) SPRede| 8) 





asymptotic form of F,: 


F ~eiKt sin [p—Lr/2-—n In 2pt+ort+Kz], (10) 
where K, is determined by 
e'Kr=[(1—F,.G,6,+iF,76_), 


(1—F,G16,—iF 176_) },=,. (10’) 


The phase Ky, is the usual phase shift which is 
responsible for anomalous scattering.’ Formula 
(9) determines the amplitude of F,. The main 
contributions to ¢ come usually from the region 
inside the nuclear radius 7 and a comparable 
region %<r<3r. Inside r<rp the shape of @ is 
determined by (4’) and for r>v7 the function # 
can be usually determined sufficiently accurately 
by approximate methods. The quotient F,, a 
requires the knowledge of F, and G;,. It is 
possible to express F,, in the following way :4 


3H. M. Taylor, Proc. Roy. Soc. A134, 103 (1931); 


A136, 605 (1932). 
4 Th. Sexl, Zeits. f. Physik 81, 163 (1933); J. A. Wheeler, 
F. L. Yost and G. Breit, in preparation for publication. 
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F,=Cip"*'#_; 
QL 


Cr=— lean LE? PL — 1)? +0?) + C1 a? ]/Leerr— 1}, 


(2L+1)! 


Gi=D1\ [oe ’ +a_14:p 81+ + ++ +0- pt! +a7409"? +--+ J]+[p ln 2p+q]F./Cz}, 











QeLti 
(2L+1)C.Di=1; p= L?+nJC(L—1)2+9°)---(1+9°)n, 
)CLD, p QD iaL4n' WI +n? ]---(1+97 Jn (11) 
pa 1 1 1 I’(—in) 
q= meat tag (itt ty) tt] 
L?+ 7? 1+7° 2 2L+1 I'(—in) 
QL L n 
+(—)4#t I.P. (in t++-n—1)-++(in—L). 


Here *, is a power series in p the first term of 
which is 1 and y is Euler’s constant. The above 
form of F, G was worked out by Wheeler and the 
tables the computation of which was begun by 
him were used for the values of ©, and the 
second power series entering G,. Introducing 


V=rRk-?, S¥*dp=1, 


we have o= Bo, 


o> 30.3(¢ vA 2h-5\-3F 2 
X | fo" evade |*(L+}+}), (12) 
ai uh [(1 — F,G161)?+ F161? 7 (12’) 


If F,G,6,=1 there is resonance of the nucleus 
to the L component of the incident wave. In this 
case F,?B?=G_?(kr), which is large for high 
barriers on account of the presence of e’*"—1 in 
D,. The functions F,, G, satisfy F,'G,—F,.G1' 
=1. Using this relation the condition for reso- 
nance can be expressed as 


F,!/F.=G.'/G1, (13) 


which shows together with B?=G,2(kr) that 
resonance is obtained when the function F, has 
the proper phase to join itself on to the irregular 
solution G,; at r=7fp. 

Although it is convenient to define the reso- 
nance velocity arbitrarily as that velocity of 
incident particles for which F,G,6,=1 it should 
be remembered that neither B? nor ¢, considered 
as functions of the velocity, have maxima 
precisely when this condition is satisfied. Thus 


YH 
(2L)! nx (L+n)'(L—n+1) 





the maximum of B?F,? should be reached at 
slightly lower velocities. For sharp resonance 
however the condition used is sufficiently 
accurate. 

If resonance is sharp then the observed yield in 
thick targets is primarily due to the captures of 
particles retarded by the stopping power of the 
target to approximately the resonance velocity. 
The yield can be then calculated approximately 
by integrating the contributions which result 
from (12) in the neighborhood of resonance. The 
quantity 1—F,G,6, can be then supposed to 
vary linearly with the energy in the energy range 
giving important contributions around reso- 
nance. Changes in all other quantities entering ¢ 
will be neglected in this approximation, and their 
values at resonance will be used. According to the 
3/2 power law of variation of range with the 
kinetic energy T the distance di laid off by the 
particle in the target while the energy changes by 
dT is dl=(3/2)ldT/T. By means of this relation 
and (12) it is found that the number of captures 
per N, incident particles bombarding a target 
having N2 nuclei per cm* is 


V=(39/2)(AT/T)NiNelooo/F1461*, (14) 


where J, is the range of particles having the 
resonance velocity and AT is one-half of the half 
value breadth of resonance so that the resonance 
curve is represented by 1/[(A7)?+(7T—T>)*]. 
For high barriers the dependence of Y is most 
critical with respect to A7/T and the factors 
1/F 46,2 as well as the F,? involved in oo. The 
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two last factors together give a net factor G,? so 
that Y is proportional to G,?(A7 7). Here G,? 


increases with the barrier height but AZ 7 


decreases and the net effect will be seen to leave 
Y nearly independent of the barrier height. 


2. RELATIONS BETWEEN WAVE FUNCTIONS NEAR 
RESONANCE 


It was shown by Casimir® that Gamow’s use of 
solutions exponentially decaying with time and 
exponentially increasing with distance can be 
interpreted as an approximation to a straight- 
forward calculation by means of wave packets 
and that the actual solution satisfies the neces- 
sary conditions of finiteness at infinite distances. 
The same fact together with relations between 
wave functions near resonance was previously 
reported by one of us.*° In view of the fact that 
the method used allows one to see the connection 
between capture and spontaneous disintegration 
most clearly it is described below. 

We consider solutions of the radial equation 


d?W /dr?+(2m/h*?)(E—V)¥=0 (15) 


and we suppose that at infinity the function |” 
decreases with r faster than 1,7. This restriction 
is of a purely mathematical character because at 
sufficiently large distances the Coulombian field 
can be changed into a more rapidly decreasing 
one without changing the physical results. We 
shall also require that the function V is such as to 
allow regular solutions for Vv. Otherwise the 
function V can be arbitrary. The energy £ is 
supposed to be positive. Asymptotically for large 
r we have 


W(E)=Ae~-""+Bet*", k=(2mE)'/h. (16) 


If © is defined in the neighborhood of r=0 by the 
value of its first nonvanishing derivative C the 
differential Eq. (15) establishes its values for all r 
and hence the coefficients A, B are determined as 
functions A(C, E), B(C, E). Physical applications 
should be made with real £. It is nevertheless 
useful to examine the functions A, B also for 
complex E. Gamow’s complex eigenwerte method 
simply amounts to making use of the properties 


5H. Casimir, Physica 1, 193 (1934); cf. also H. Bethe, 
Ann. d. Physik 4, 443 (1930). 
6G. Breit, Phys. Rev. 40, 127 (1932). 
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of A, B as functions of E in the neighborhood of 
the root of 


A(C, E)=0. (16’) 


A root of this equation we call Ey—7\i,2 where 
Eo, \ are real. The constant \ has no relation to 
the wavelength which it stood for in the first 
section and will be interpreted as the disinte- 
gration constant. For real C, E the function 
must be real and hence 


B=A* (FE real). (16’’) 
The roots of (16’) are therefore complex, and 
\#0. As in Gamow’s paper one shows that for 
small | only \>0 need be considered. For real 


E close to Ey and for small \ one may expand by 
Taylor’s series around Ey—idh, 2 


A(E)=(E— Fot+idh2)(dA, dE) 420; 
B(E) = (E—Ey—1hh/2)(dA /dE)* 420. 


17) 


By using these values in (16) it follows that for 
large r 


|W (2= 2) (dA /dE) po |2[ (E— Eo)? + (ah/2)?). (17’) 


For small r the function W varies only slowly 
with E and this is particularly so if there is a 
“well” at small 7 in the potential V. Thus 
according to (17’) the relative probability of the 
particle being in the region of small r, i.e., inside 
the nucleus, is proportional to 


1/[(E— Eo)?+ (dh /2)?]. (18) 


This shows that half value breadth is \d# while the 
quantity AT of the first section is Af, 2. 

Superposing solutions (16) one obtains a wave 
packet 


W= fiw (E)ei2h f(E)dE (19) 


and one can arrange f(£) so as to have V 
initially vanish at r= x. Approximately this is 
accomplished by 


f(E) = (sh/2r)/T(E- Eo)? +(ah/2)?).  (19’) 
The calculation of the function (19) by using 
(16), (19’) is easily made approximately by using 
K — Ky 2(E— Eo) /hvo where v is the velocity at 


OO a ee de 
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resonance and by changing the range of inte- 
gration from 0-* into — «—+. The inte- 
gration reduces then to 


+o 
{ eis hx —iNh/2Jdx=0(t' >0) ; 
© = 2rie*"’!2(t' <0) 


or 


fCeveite tin 2}"'dx= 
Si —2rie~™’/2(’>0); =O(t' <0). 
It is found that in the region where (16) holds 
v= B(Ey—idh/ 2) exp [ —i(Eot — myer) /h 
—X(t—r/v0)/2] (t>r/v0), (20) 
v=0 (¢<r/v), 
where 
B(Ey—ihh, 2)= —idhi(dA /dE)* 425 = (20’) 


in accordance with the fact that (17) applies for 
complex as well as real values of E. Similarly for 
small r one finds, using (19’) and the fact that 
WV (£) is practically independent of E in the region 
where f(£) is appreciable: 


W=W(Eo) exp [—iEot/h—MM/2].  (20’) 


Eqs. (20), (20’) show that to within the approx- 
imations made Gamow’s solution represents the 
wave packet in the region r<wt but that for 
r>vot the wave packet gives zero probability of 
finding the particle. In higher approximations 
the head of the wave packet at r=zt becomes 
rounded off and for r> vf there is a finite though 
small probability of finding the particle. 

Eq. (18) shows that one may define Ep as that 
real energy for which the probability of the 
particle being inside the nucleus is a maximum 
taken relatively to the probability of its being 
very far away. Eqs. (17), (19), (19’) show that 
the wave packet which is represented by 
Gamow’s solution contains stationary states with 
different energies and that the relative proba- 
bilities of these energies vary in proportion with 
the same resonance factor (18) which determines 
the relative probabilities of capture for particles 
of these energies; in comparing relative proba- 
bilities of particles of different energies we use the 


same amplitude at r= ~ for all energies. 

According to Gamow’s conservation theorem 
argument one can determine the disintegration 
constant by 


A\=v| B(Ey—1d\h/2) | 2/ 
(S| (Eo) | 2dr) zoe inna, (21) 


where the integral is to be taken only through the 
nucleus. Here the numerator represents the 
number of particles leaving the nucleus and the 
denominator similarly represents the number of 
particles in the nucleus. This formula of Gamow’s 
is often inconvenient in applications because it 
presupposes the knowledge of the solution of the 
wave equation for complex energies. Using Eq. 
(17) we have 


B( Ey —1hh/2) =2B(E). (21’) 


Substituting this into Eq. (21) we see that 


A=0/S'|G| dr, (21”) 


where G is the solution of the wave equation for a 
real energy normalized so as to be asymptotic toa 
sine function of unit amplitude at «. Re- 
membering that A7 =\h, 2 we also have 


AT, T=1/S |G\%dp; (p=mur/h). (22) 


The above general properties of wave functions 
near resonance are seen to be verified by the 
special functions used in section 1. Thus ac- 
cording to Eq. (17) the phase of the function at 
resonance differs by 2/2 from what it is far away 
from resonance and this is in agreement with 
Eq. (10). 


3. APPLICATIONS 


By means of Eq. (22) we change Eq. (14) into 
Y= 142.8N,Nolo(L+3+4})A%(c/v)kX- 


xX | Se? eWGdp|?/SGdp, (23) 


where \ again stands for the wavelength. For 
r>ro, G is identical with G, and for r<7% it is the 
continuation of G, in the field U. As has been 
shown in connection with Eq. (13) this con- 
tinuation is regular at r=r at resonance. The 
integral in the denominator is to be extended only 
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through the nucleus. The function G is the only 
quantity in this formula which contains the 
energy of the incident particle exponentially. It 
occurs with equal powers in the numerator and 
denominator of Y and as a result Y depends on 
the energy much less critically than the disinte- 
gration yield away from resonance. The A7’/T is 
proportional in its order of magnitude to e?" 
while oo/ F 46,2 is the collision cross section at 
resonance and it behaves as F,~? and is of the 
order e?*". At resonance the collision cross section 
increases in the same ratio as the width of the 
resonance region decreases. This property is seen 
to be general and not confined to radiative 
captures. We may, therefore, expect observable 
yields of nuclear reactions in cases of resonance 
even though the exponential factors describing 
the probability of penetrating a nuclear barrier 
should be very small. 

The expected probability of radiative capture 
was calculated for carbon with several values of 
the nuclear radius and of the depth of the 
potential well. Only a certain range of values 
comes into consideration because mass defects 
indicate that the energy released in the capture of 
a proton by C" is of the order of 6 or 7 MEV. It 
is therefore necessary to have the radius and the 
depth such as to allow an s level at E=—6 
MEV. At the same time it is necessary to account 
for resonance to incident protons at about 0.5 
MEV. Supposing that the process occurs as a 
transition L=1—L=0, only certain radii and 
depths will give simultaneously the correct 
position of the bound s level and of the virtual p 
level. For simplicity we have supposed that the 
1s and 2p levels are responsible for the transition 
so as to have no nodes inside the nucleus for the 
wave function, either in the initial or in the final 
state. Similarly the potential energy — U inside 
the nucleus was taken to be constant. This 
corresponds to the usual treatment of radioactive 
nuclei and although actually U may vary, an 
approximate idea about the probability of the 
process is obtainable with such a model. Letting 
ro X 10" =0.33, 0.41, 0.52 cm we found by trial 
that the corresponding values of U which had to 
be used in order to obtain resonance to the first p 
level at 564 kv are 21.4, 13.4, 8.3 MEV. The 
energy of the s level calculated with these values 
of r and the corresponding values of U is 
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approximately —10, —6.5, —4.0 MEV and it is 
seen that 7=0.41X10-" cm, U=13.4 MEV fit 
the requirement of correct binding energy best. 

For any of these radii and depths resonance is 
sharp and the direct calculation of 1— FGé6 and 
F*§ in the vicinity of resonance is troublesome. 
Eq. (23) is more suitable. Since it was supposed in 
deriving it that Eq. (22) is at least approximately 
valid we have verified the latter by comparison 
with approximate direct calculations in which the 
values of F, G, were used. For the latter calcula- 
tions 1— FGé and F*6 were computed for 7 = 224, 
356, 564, 894 kv and the rate of change of 
1— FG6 at 564 kv was compared with Fs. The 
quantity F*6 varies sufficiently rapidly to make 
its change through the resonance region appreci- 
able but not very serious and we used the value of 
F*§ at maximum resonance in estimating the 
resonance width. We obtain for A7,/7 by Eq. 
(22) 1.63 x 10-* and by direct estimate 1.44 10-? 
for 7=0.31X10-" cm. For rm=0.4110-" cm 
the agreement is worse, Eq. (22) giving 2.5 10-? 
and direct estimate 2.010-*. It could be 
expected that for broader resonance Eq. (22) will 
be less accurate. In both cases the agreement is 
sufficiently good to warrant the application of 
Eq. (22) to the calculation of the yield. 

Formulas (14), (23) give the yield expected in 
thick targets on the supposition that only 
particles with nearly the resonance velocity need 
be considered. This assumption is justified for the 
theoretical model used here as may be seen by 
comparing the collision cross section at resonance 
with that at other voltages. Thus for U=13.4 
MEV, ro =0.41 X 10-" cm the approximate values 
of o are given below: 


T=224kv 356kv S564kv 894 kv 
o =6.1 X107811.8 X 10-7°5.0 K 10-2°9.8 x 10-*%cem?. 


At the resonant voltage the effective collision 
cross section is 4.2 X 10-** cm? and is appreciably 
higher than the other values listed above. In the 
above tabulation changes in f?r?Ridr with 
voltage were neglected, being relatively unim- 
portant because @ is primarily determined by the 
depth and width of the potential well rather than 
the kinetic energy of the incident proton. 

The values of F, G, FGé, F*5 and /pWidp for 
different 7) and U are listed in Table I for 
different voltages. The latter as well as the values 


a aa 
th we 


RADIATIVE CAPTURE PROTONS 209 


TABLE I. y-ray yield per proton as a function of energy of 
incident particle and radius of bombarded nucleus. 











T FF F G FG6 F% JS pvadp 
Y per 

ro = 0.33 X 10-2 cm U =21.4 MEV, proton 
894 3.525 .02664 6.727 1.036 0.00410 
564 4.494 .00962 14.43 994 .000663 0.267 7.31077 
356 5.699 .002876 37.82 971 .000074 
224 7.212 .0006735 127.0 .956 

ro =0.41 X 107! cm U =13.4 MEV 
894 2.837 .04465 5.03 1.073 0.010 
564 3.640 .01626 10.48 1.002 00155 0.371 2.661077 
356 4.640 00488 27.12 .967 -000 182 
224 5.880 .001147 90.40 942 

ro =0.52 X 107"; U =8.3 MEV 
894 2.281 .0754 3.81 1.135 0.0225 
564 2.952 .02778 7.56 1.006 .00369 0.525 0.85 K1077 
356 3.784 .00840 19.18 944 -0004 1 
224 4.818 .00198 63.1 .907 








of 7» were chosen so as to be able to use the 
tables for F and G without interpolation. The 
values of Y also listed in Table I were obtained 
with 4,=6.96X10-* cm for 564 kv while 1.136 
xX 10? was used as the number of carbon atoms 
per cm’. The values of A7/T used for Y were 
1.03610? for m=0.33K10-" cm, 1.44 10-? 
for r=0.41X10-" cm, 1.9010- for m=0.52 
x 10-" cm. The values of Y for these three radii 
correspond to 4.6 10°, 1.7 10*, 0.54. 10° cap- 
tures per microampere. The decrease of Y with 
increase of nuclear radius is due to a large extent 
to an increase in the wavelength of the emitted 
y-ray. The energy of the s level increases as 7% 
and so does the wavelength of the y-ray. The 
wavelengths used for the three radii were 
1.21X10-" cm, 1.89 10-" cm, 3.07 10-" cm. 

According to Hafstad and Tuve’ and to Crane 
and Lauritsen* the observed yield is due to 
resonance which takes place at about 425 kv. 
The observations of Cockcroft, Gilbert and 
Walton® are consistent with the existence of 
resonance but speak for a somewhat higher value 
of the resonance energy. The difference between 
the 564 kv used in the calculations and the true 
experimental energy is not certain and cannot be 
very significant because according to formula 
(23) the yield does not vary critically with the 
barrier. This is also indicated by the fact that our 
calculated vields decrease with the radius. 

The observed yield as estimated by Hafstad 
and Tuve is one in 10" incident protons. Among 


93s) Hafstad and M. A. Tuve, Phys. Rev. 47, 506, 507 
*c C. Lauritsen and H. R. Crane, private communica- 
tion. 

* J. D. Cockcroft, C. W. Gilbert and E. T. S. Walton, 
Proc. Roy. Soc. Al48, 225 (1935). 


the radii which we tried =0.41X10-" cm 
seems to be the most acceptable because the 
corresponding binding energy corresponds most 
closely to the expected 6 or 7 MEV. The theo- 
retical yield for this radius is 2700 times greater 
than the observed yield and it is thus quite 
possible to explain the formation of radioactive 
N® as due to radiative capture of the proton. The 
discrepancy between theory and experiment 
indicates that the model used is only a poor 
approximation to reality and this could have 
been expected because both the assumption that 
the field acting on the proton is central and that 
this field has the particular shape used by us are 
open to question. As in all intensity calculations 
the transition probability is proportional to the 
square of the matrix element for the displace- 
ment and is therefore sensitive to the degree of 
overlapping of the initial and final state. By 
increasing U at small r one can contract the wave 
function of the bound s state towards small r 
without affecting the p function of the incident 
state nearly as much. Almost any desired result 
can be obtained by this means and the theoretical 
value can be decreased to the experimental one. 
It is questionable, however, whether such forcing 
of theory to experiment has much meaning 
because the assumption of the central nature of 
the field is also questionable. 

According to Massey and Mohr"? who follow a 
discussion of Taylor and Mott"! one may expect 
dipole radiation to be absent on the Heisenberg 
Majorana theory of nuclear binding forces. 
According to Bethe and Peierls," however, dipole 
radiation is expected on either the Heisenberg 
Majorana or the Wigner theory. It is clear 
without calculation that a dipole moment exists 
in our special problem and a more detailed 
calculation which we omit here shows that the 
exchange interaction does not essentially modify 
the possibility of dipole radiation. 

The revised masses of Bethe"™ give 1.0032 for 
the difference between the masses of C™ and C” 
instead of the previously supposed 1.0003 which 


10H. S. W. Massey and C. B. O. Mohr, Proc. Roy. Soc. 


A148, 225 (1935). 

1H. M. Taylor and N. F. Mott, Proc. Roy. Soc. A138, 
665 (1932). 

12H. Bethe and R. Peierls, Proc. Roy. Soc. A148, 146 
(1935). 

18H. Bethe, Phys. Rev. 47, 633 (1935). 
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followed from Aston's value 12.0036 for C' and 
King and Birge’s value 13.0039 for C'. This 
change when used for an estimate of the mass of 
N" lowers the estimated frequency of the y-ray 
to about 3 MEV with 0.0014 for the kinetic 
energy of the positrons in N“—>C'+e* and neg- 
lecting the mass of the neutrino. The nuclear 
radius has to be increased and the depth of the 
well must be decreased to fit this y-ray wave- 
length. The estimated yield is decreased by 
approximately a factor of 3. 

According to Hafstad and Tuve there is a 
strong indication of a fine structure of the 
resonance of carbon to protons. If this were due 
to the proton magnetic moment we would expect 
the fine structure to have the same order of 
magnitude as though the proton obeyed Dirac’s 
equation. The discontinuity in the potential 
energy will be expected to give rise to a doublet 
splitting of the order of 


R+0 


AW= { Il'G*dr 
“R-O 





T= 99.8 158.2 250.7 397.3 629.7 
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where = /1/' = (uo 1840)2(2L+1)dU /rdr_ — which 
amounts to (2L+1)(v?/4c°)G?U/Sy°G'dp. Multi- 
plying the result by 3 in order to take into ac- 
count the fact that the magnetic moment of the 
proton is greater than would be expected on 
Dirac’s theory one still has an energy difference 
of the order of only 700 volts which is much less 
than the observed structure of about 70 kv. The 
structure may however be accounted for by the 
coupling between movable parts of the C” 
nucleus or else by the simultaneous presence of 
two or more “wells” for the incident proton. As 
is well known, the interaction of two equal wells 
in molecules gives rise to a doublet structure and 
a similar phenomenon may be imagined to take 
place here. 


Application to Be’+ H' 

Applying the above formulas to the y-rays 
emitted in the bombardment of Be® by protons 
we obtain the following values of (c/v)(F?/k*)/ 
(1— FG6)*? for ry=0.318X10-" cm and U=9 
MEV: 


998.0 1582 kv 


(c/v)( F*/k*)/(1 — FG6)?=2.3X10-)—-2.1 107%) 1.21 K 10°?) 4.8x«K10-%? 1.43x10-% 3.5K10-% 7.6X10-%*%cm?. 


o/o= 


The above numbers are nearly proportional to ¢ 
because the part of a which matters is in the 
“‘well’’ and is nearly independent of 7. Plotting 
the logs of above values against 7~! one obtains 
nearly a straight line. Approximating the graph 
by a series of straight lines one determines for 
each T the coefficient ) for the approximation 
a=eT, Using the 3/2 power law and this 
approximation we obtain by integration the 
ratio ¢/o where ¢ is the effective cross section for 
thick targets defined by ¢-x= fy*o(x)dx where x 
is the distance inside the target measured from 
the face. The approximate values of ¢ ‘¢ are also 
tabulated above. The values of 


S= (c/v) F*k-*(1 — FG6)~*(¢/0)(7T'/397.3)3 


.28 33 38 43 





should be proportional to the observed yield and 
are compared below with the observed y-ray 
yield on an arbitrary scale. The observations are 
due to Tuve and Hafstad and were kindly 
made available to us before publication. The 


900 920 1000 kv 
43 — 6.0 


T 600 700 800 
107°S S&S ts 


Experimental ray 


yield 3 5 12 50 67 — 


experimental yield increases much faster from 
700 to 900 kv than the theoretical. This suggests 
a deeper well and perhaps the approach of 
resonance around 1 MEV which, however, has 
not been found so far. 
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The Formation of Electron-Positron Pairs by Internal Conversion of 
y-Radiation 


Morris E. Rose AND GEORGE E. UHLENBECK, University of Michigan 
(Received June 19, 1935) 


The production of an electron and positron by the spher- 
ical y-wave emitted from a nucleus has been considered 
on the basis of different approximation methods (Section 
II, III, IV), which yield simple closed formulae for the 
probability of the process. Regarding the nucleus as a 
Hertzian oscillator, both the dipole and quadripole radia- 
tion are treated. The approximate methods, which may be 
classified according to which of a certain set of parameters 
(the momenta of the particles, aZ, and eventually the 
ratios of these) are to be considered small, form a consistent 


scheme (§6, where also the case of the: plane y-wave is 
discussed). A discussion of the qualitative features of the 
angular and energy distribution is given (§7 and §8) and a 
comparison is made with the rigorous treatment of the 
problem by Jager and Hulme (§9). This shows that both 
the differential and total internal conversion coefficient 
may be computed with a fair degree of accuracy by the 
combined use of the Born and the Schrédinger approxima- 
tion results. 





I. INTRODUCTION 
l. 


HE Dirac theory of the positron! describes 

the formation of an electron-positron pair 
by y-radiation near a nucleus as a kind of photo- 
electric effect. The absorption of a y-quantum 
of energy =2mc?= 10° ev raises an electron in an 
occupied negative energy state to a state in the 
positive continuum, the “‘hole”’ left in the nega- 
tive energy spectrum together with the electron 
in the positive state constitute the positron- 
electron pair. For the case that the y-radiation is 
a plane wave, calculations, with approximate 
wave functions for the probability of the process 
have been made by Oppenheimer and Plesset, 
Bethe and Heitler and others.’ For the case of 
a spherical y-wave emitted by the nucleus, with 
which we shall be concerned here, there exist 
the calculations of Oppenheimer and Nedelsky,* 
where the Born approximation is used, and 
those of Jager and Hulme,‘ in which the exact 
solutions of the Dirac equations for a Coulomb 
field have been used. Because of the lengthy 
numerical computations necessary in the exact 


theory, we have gone back to approximate 


1P. A. M. Dirac, Proc. Roy. Soc. 133, 60 (1931). 

2 J. R. Oppenheimer and M. Plesset, Phys. Rev. 44, 53 
(1933) (nonrelativistic approximation); H. Bethe and W. 
Heitler, Proc. Roy. Soc. 146, 83 (1934) (Born approxima- 
tion, influence of screening); G. Racah, Nuovo Cimento 11, 
3 (1934) (Born approximation); Y. Nishina, S. Tomonaga 
and S. Sakata, Suppl. Sc. Pap. I. P. C. R. 24, 1 (1934) (non- 
relativistic and Born approximation). 

’J. R. Oppenheimer and L. Nedelsky, Phys. Rev. 44, 
948 (1933). 

1988)” Jager and H. R. Hulme, Proc. Roy. Soc. 148, 708 
(1935). 


methods which give simple closed formulae. 
We have especially examined the consistency of 
these methods. By comparing the results with 
those of Jager and Hulme one can then obtain an 
idea concerning the range of applicability of 
these approximate methods, which may be also 
of value in other related problems. 


2. 

The calculation of the probability for pair 
formation can in all cases be reduced to the 
evaluation of the matrix elements of the per- 
turbation due to the radiation. We write the 
Dirac equation for the electron in a Coulomb 
field with a nuclear charge a'Z.° 


ty /dt= {(a-p)+B+aZ/r—a'K}y. (1) 


Here 5 is the perturbation of the radiation 


field : 
5K = He-***+-compl. conj., 


H=V+(e-A), 


(2) 


k is the frequency which in our units is the same 
as the energy of the photon of this frequency; 
V and A are the space parts of the scalar and 
vector potentials. In accordance with the results 
of Hulme, Taylor and Mott® for the atomic 


° In the following we will always use rational relativistic 
units. In this system the unit of energy is mc*, of momentum 
mc and of length the Compton wavelength A/mc. Equations 
in ordinary units may be written in these units by replacing 
h, m and c by unity and the electron charge e by a’, where 
a is the fine structure constant e?/hc. This @ is not to be 
confused with the Dirac matrices a@,, a,, a:, collectively 
denoted by @. 

®H. R. Hulme, Proc. Roy. Soc. 138, 643 (1932); H. M. 
Taylor and N. F. Mott, Proc. Roy. Soc. 138, 665 (1932). 
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internal conversion, we will consider the case the various states. At time ¢=0 the electron is in 

of the electric quadripole wave as well as that a negative energy state Wo, so that a,(0) =n». 

of the electric dipole wave. The fields are given One finds then from (1) for the probability |a, |? 

by (omitting from each potential a constant that the electron be in state W, at the time ?: 

factor having the meaning of a moment, since 

it does not enter in the final results) : ‘an|®=4erl (n LITO) sin’ (Wr- Wor k)t 2 
— a,|\*=4a 0) | ¢ 
Electric dipole : atid | wy (W,.—W—k)? 


V=(1/r)e*"(t—1/kr) cos 3; 


9 
< 





(5) 


A.=(i/re*, Ap=Ay=0. (3) Ry the Dirac notation for the matrix elements. 
ne has now to sum ja, |* over the spin, energy 
and direction of momentum (or quantum num- 
eee ‘ ; — : bers corresponding thereto) of both particles. 
V=(1/rje™ (2Ps(cos 9)(1+31/kr—3/k*r we The summation over the energy of one of the 
reas pitt — particles will give then as usual the conservation 
Aam(S/r)pe™(1 +4/kr) cos 8, Am A,=0. of energy. The manner in which the summation 
Applying the usual method of variation of has further to be carried out will depend on the 
constants the solution of (1) may be expressed type of wave functions used. We will distinguish 
in terms of the probability amplitudes a,(¢) of | between three cases. 


Electric quadripole :? 





(a) Both particles are represented by plane waves at infinity. This is most convenient when the Born 
approximation or parabolic coordinate wave functions are used. To obtain the energy distribution a 
summation of (5) over the direction of the momenta and over the spin has to be carried out. The 


result is: 


o(W,)dW,=dW,(2a/(21)'n)(p,p_W, W_/k) Sf'dQ_dQ,¥ | (p_s_|/7|p,s,)|2. (A) 


s+ 


Here quantities referring to the electron are denoted by the index — and those referring to the 
positron by the index + ;° dQ_, dQ, are elements of solid angle of the direction of emission of the two 
particles. The matrix element has to be formed with wave functions normalized to one particle per 
unit volume. The four term summation over the spin variables s_ and s, reduces to twice a two term 
sum over one, say s,, because although there is a preferred direction (the z axis) there is no preferred 
sense. Finally mk is the number of y-quanta which in unit time are emitted by the nucleus; » depends 
on the type of radiation ; 

n= 4/3 for electric and magnetic dipole, 

n=12/5 for electric quadripole. 


(b) Both particles represented by spherical waves at infinity. This is most convenient in the case of 
the nonrelativistic approximation. Because the Dirac equations for a central field are separable 
only in polar coordinates,* this will also be the natural representation when the exact wave functions 
are used. Here the integration over the direction of the momenta is replaced by a summation over 
the azimuthal and magnetic quantum numbers of both particles. The energy distribution is then: 


7 We have taken the z direction along the multipole axis A,=_ sinv’ sin g(1+2/kr)(1/r)e‘*" 
and we will also take the axis of quantization in this : ; ; 
A, =-—sin 3 cos g(1+2/kr)(1/r)et*" 


direction. That this is no loss in generality can be shown } 
by averaging the results for an arbitrarily orientated which we shall also consider (cf. H. M. Taylor and J. B. 
Fisk, Proc. Roy. Soc. 146, 178 (1934)). 


V=A,=0 (4a) 


multipole field over all directions of its axes. In the same ° Th W, and f , 
way ‘one shows that our restriction in (4) to a. zonal 0 The energy Wand momentum By of an electron in 
quadripole is not essential. In the strict development of the et > = ei —s 8 

: ; egg: Eel quantities for a positron by Wo= — W, and po= — py. 
electromagnetic field of an oscillating charge distribution * This is the reason why the internal conversion problem 
there appears together with the electric quadripole the _ js simpler than the problem of pair formation by a plane 
so-called magnetic dipole terms: wave. 


ee Oe 





a ede ee 


= 


> eM ie CN 


~ 


Oe eee 





-— 


FORMATION OF ELECTRON-POSITRON PAIRS 213 


o(W,)dW,=dW,(4a/xn)(W,W_/p,p-k) XL XY | (l-m_s_|H|lymys,)|*. (B) 


lam, limo 84 


For the fields (3), (4) or (4a) there will be selection rules which eliminate the summation over one 
set of quantum numbers / and m. The matrix element has here to be formed with wave functions 
normalized to one particle in a sphere of unit radius. 

(c) One particle represented by a plane wave and the other by a spherical wave at infinity. This we will 
use in order to determine the form of the energy distribution curve at the ends, that is when one 
of the particles receives almost all the energy of the y-quantum. In the case that the positron is 
represented by a plane wave at infinity the energy distribution is: 


o(W,)dW, =dW,(a/2*n)(p,W,W_/p_k) fdQ, X ¥ | (l_m_s_|/|p,s,)|?. (C) 


lem_ 84 


By interchanging the indices + and — one obtains the formula for the case that the electron is 
represented by a plane wave. Integration over W, from 1 to k—1 yields the total internal conversion 
coefficient o. 


II. Tue Born APPROXIMATION 


For light nuclei or for high energies of the particles we can neglect the nuclear field and take for 
the wave functions plane waves. The criterion for the validity of this approximation is that the Born 
parameters aZ/p, and aZ/p_ are both small compared to unity. Then 


y+=ua[exp Fi(ps-r) ] 


and the amplitudes uw, and u_ are: 









































p-: ps ip 
1+W 1+W_ 
1+W_\') p_stip_, , 1+W_\? p-: 
u_V= —_————__+, u_@= —_— (6a) 
2W_ i+W 2W_ i+W |, 
1 0 
0 1 
1 0 
0 1 
1+W, Pi: ; 1+W, ' Pi2—tP+y 
u,= ——— |, u, 2) = | ——— } | —————__. (6b) 
2W, 1+ W, 2W, 1+W, 
PrettPry P+: 
1+W4 1+ W4, 





The superscripts (1) and (2) refer to the two spin directions. Oppenheimer and Nedelsky* have given 
the results for the energy distribution for the electric dipole and quadripole. We shall here outline 
the method of calculation. The matrix element in (A) will have the form: 


(p_s_|/J/|p,s,)=(u_*u,) fLexp —i(P-r) ]Vdr+(u_*a.u,) f[exp —i(P-r)]A dr, 
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in which P=p_+p, and V and A, are given by (3) or (4). The angular integrations are elementary 
and lead to radial integrals of the form: 


So Jiss(Prve'r’* dr, 


where P= P| and/and v are integers. These may diverge at infinity. One has then, as in the deriva- 
tion of the Rutherford scattering formula using the Born approximation, to introduce a convergence 
factor exp (—ar) and after the integration set a=0. One obtains in the case of the dipole: 


2) 
i) 


|(p_s_|J/7 pis.) | = (16m?/k?(k? —P*)*) | P22 | u_*u, |? +2PRR(u_*u,)(u,*au_)+k?| u_*an, | 
where R denotes “‘real part of.’’ Using (6a) and (6b), summing over the spin of one of the particles 
and carrying out in (A) the integrations over all the angles but the one between p, and p_, designated 
by 6, we obtain the angular distribution. Writing /(@, W.,) for the number of pairs per unit energy 


range and per unit solid angle, one finds: 
a k? Wy 2+ WV? 


J(0, W.)=——p_p+) — + +17, (7) 
43*hk? (q?—pip_cos 6)? (q*?—p,p_ cos 6) 





where g¢=1+W,W_. The energy distribution is given by: 
o(W,)=22r for (0, W,) sin 6d0= (a/rk*) (2p, p_+(W,?+ IW_*) log 0}, (D,) 
kb=14+W,W_+),p-. 
When & is large one finds for the total internal conversion coefficient : 
o= fi o(W, dW, 2(2a/3x) (log 2k — 2) +0(1/k). (8) 
The calculation for the quadripole is quite analogous and one finds: 


k? petp— 














J(0, W.)=——p, p_ =" 
4n2k® | (q?—p,p_cos 6)? (q?—p,p- cos 8) 
1 8 
+ (161,W_—3k) -—(@"—p, p08}, (9) 
o(W,)= (a/3rk*) (8p, p_(W,W_—1)+3k?(p,*+ p_*) log 5}, (Q)) 
o = (2a/3m)(log 2k —61/30) +O(1/k). (10) 


A discussion of these results will be given in section V.'° 


Ill. THe ScHRODINGER APPROXIMATION 


4. 

When the energy of the y-quantum is so small that throughout the entire allowed energy range 
p1<1, p-<1 and when further aZ<1 the so-called Schrédinger approximation of the Dirac wave 
functions may be used. Then: 


0 It has been suggested by Taylor and Fisk, Reference 7, o(W.,) = (a/rk*)(p,?+ p_*) log b. 
for the process of atomic internal conversion that one 
should perhaps consider besides the electric quadripole This is slightly smaller than Q), so that since the magnetic 
the magnetic dipole terms. We have therefore carried out dipole moment is almost certainly much smaller than the 
the calculation of the pair formation by this field (Eq. 4a) electric quadripole moment, the contribution from this 
and find: source may be neglected. 
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1 Ou_ ‘(= Ou_ 
—_ —— — ——_— — 1-—- 
2 dz 2\ dx oy 
tfdu_ du_ i Ou_ 
yO= -(—=+i— A y= _— . (1 la) 
2\ dx oy 2 ds 
u_ Q) 
. 0 u_ 
Us. 0 
0 U4 
i Ou, t/du, du, 
y= asennad py, = --(—*-i*) : (11b) 
2 az 2\ax ay 
i/du, du, i Ou, 
2\ dx oy J | 2 dz 





The superscripts again denote the two directions of the spin. The elements occurring as derivatives 
will be referred to as the small components since they enter with a coefficient 1/c (not apparent in 
our units). The w_ and u, are solutions of the Schrédinger equation: 


Aus+(p+*F 2aZ/r)us=0. (12) 
The solution of (12) for the electron in a state of the continuous spectrum (W_>1) is:" 
u_= NoP,"(0, ¢) fi-(p_r), 
where the angular normalization factor is: 
No = ((21+1)/42)!(l+m) 3(1—m) !-3. 
Of the radial wave function f;-(p_r) we shall need only the expansion around the origin: 


aZ 2a*Z? —(1+1)p_? ; 
r? 





fir-(p-) = Nrr'\1——r+ (13) 
+1 = 2(/+1)(2/+3) 
Normalizing to one particle in a sphere of unit radius, we get : 
| Ni- | ®=ere2/P-(2p_)?4?2| P+1+4+1aZ/p_) |?/2(21+1) (14) 


The corresponding expressions for the positron may be obtained from these by changing the sign of 
Z and replacing the index — by +. From the expressions for the electromagnetic fields (3) and (4) 
one can show that the matrix elements in (B) will vanish unless the following selection rules are 
fulfilled : 

for the dipole '1.—L,| =0, 2, im_—m,| =0, 1, 2; 

for the quadripole \2.—L,| =1, 3, |m_—m,,.| =0, 1, 2. 
For the internal conversion, first considering the dipole, it is evident from the normalization factors 


(14) that transitions involving high 7's will introduce the parameters of smallness, p, and p_ to a 
high power. Indeed a calculation shows that it is necessary to consider only the s—s transition and 


the large components in the wave functions to get the main contribution. Then: 


1! We omit here the index — on the/ and m. 
'2 See e.g. H. Bethe, Handbuch der Physik, Vol. 24-1, p. 292. 
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(0, 0, 3/170, 0, 3)=S¥_MaA HW, Vdr=ifyre™ fofotdr, 


only the vector potential and the wave functions with parallel spin contributing. Because fo fot 
varies slowly compared to the oscillations of exp (kr) the main contribution to the integral comes 
from a region near the origin. We may therefore insert for fo~ and fo*+ the first term of (13). In fact 
one sees that the terms in (13) involving higher powers of r would give contributions of higher order 
in p,, p- and aZ; therefore it would be inconsequent to include these terms. Thus: 


LX LI (l-m_s_| HH \l,m,s,)|* =! (0, 0, 3 | 170, 0, 3)|? =| No-|?| No*| 2/4, (15) 


lim_ lim, 8, 


where as before we have introduced a convergence factor exp (—ar) in the integrand and after 
integration set a=0. The energy distribution is then from (B): 


48ra'Z?W,W_ 


(16) 
k5(e2*aZ/ ps _— 1)(1 —e~?7aZ/p_) 





o(W,)dW,= dW, 


To be consistent with the approximation here considered one should further replace W, and W_ by 
1 and k by 2, so that: 
3ra®Z? 
o(W,)dW,=dW, (De) 


2(e2742/ P+ — 1)(1 —e-2raZ/p_) 





The calculation for the quadripole involves the s—p and p—s transitions. It is also necessary to 
consider the small components in those terms where they are multiplied with a large component. 


We will give only the result: 


(17) 





207a'Z? 4 12\ W,W_(p,?+p-?+2a?Z?) 
o(W,aW, =a, ———(1 —- + -— . 
3 k Rk? (e?722/P+—1)(1 —e~?raZ/p_) 


b® 


Or again replacing k by 2:" 


5ra®Z? pi2+p_?+2a°Z? 
o(WV,)dW',=aW’, . (Ow 
12 (e2"@Z/ p+ —1)(1 —e-2*22/P_) 





By using polar coordinate wave functions as in (B) it is impossible to obtain an angular distribution 
of the particles formed. For this one has to use wave functions which behave like plane waves at 
infinity as in (A). In the Schrédinger approximation this can be done by means of the well-known 
parabolic coordinate wave functions." It is then found that in this approximation the distribution 
function J(@, W,) is independent of @. For a discussion of these results see section V. 


IV. ENDPOINT FORMULAE 


5. 

It is possible to find an expression for the energy distribution near. the ends of the curve, that is, 
when one of the particles receives almost all the energy of the y-quantum, by taking for the fast 
particle plane wave functions (6) and for the slow particle Schrédinger approximation wave functions 
(11). In case the positron is the fast particle the parameters of smallness are therefore aZ/p,, p_ and 
aZ. Then for the dipole we need only to consider the electron in an s state. The square of the matrix 
element in (C) summed over the spin s, becomes: 


'8 The corresponding result for the magnetic dipole is 3/5 of Q». Cf. footnote 10. 
‘Cf. Bethe, Handbuch der Physik, Vol. 24-1, p. 299. 
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D | (0, 0, s_|/7|pys4) |?= (24?/k) | No |* {1 —[(k?—4)/k?] cos? 6, }, 
$+ 
where 6, is the angle between p, and the z axis. Consistently with our development in powers of p_ 
we have set p,? =k(k—2) and W, =k—1. Inserting in (C) and integrating over 6, one obtains: 
o(W,)dW,=dW,20°Z(k?+2)p,/k4(1 —e-2824!/-), (Ds) 


Upon interchanging p, and p_ and changing the sign of Z we get the formula for the case that the 
positron is the slow particle: 


o(W,)dW,,=dW,,20°Z(k?+2)p_/k4(e2*22/"+—1). (Dy’) 


For the quadripole we have again to consider only the slow particle formed in an s state. It suffices 
to give the result for the positron the fast particle: 


o(W,)dW,=dW,20°Z(3k2?+8)p,3/3k°(1 —e-28 22! 7-), (Qs) 


The case in which the electron is the fast particle is to be obtained as before. 


V. STRUCTURE AND DISCUSSION OF THE FORMULAE 


6. Consistency of the approximation methods 


In the foregoing we have given the energy distribution for the electric dipole and quadripole in 
three different regions of approximation : 


D, and Q; for: aZ/p,, aZ/p_<1, 
Dz and Q2 for: p,, p-, aZ<1, 
D; and Q; for: aZ/p,, p_, aZ<1. 


That these approximation methods be consistent with each other it is necessary that the following 
limit equations be fulfilled: 


Lim D,= Lim D., Lim D,= Lim D;, Lim D.,=Lim D; (18) 


Ps, PO aZ/p,, aZ/p_-0 p_-0 aZ/p_-0 aZ/p,-0 p40 


and the corresponding equations with Q;, Q2 and Q;. Reference to the results given for o(W,) in II, 
III and IV shows that all six limit equations are satisfied and therefore, that there are no non- 
uniformities in the approximation scheme. 

It is of interest to consider in this connection whether a similar situation exists in the case of the 
problem of pair formation by plane y-radiation. The result for the differential cross section using the 
Born approximation as given by Bethe and Heitler'® becomes (in our units) when p, and p_ are 
made small: 


o(W,)dW,.=dW,,(0°Z?/6)p,p_(by? + p_*). (19) 


The Schrédinger approximation has been considered by Oppenheimer and Plesset® using parabolic 
coordinates and taking only the big components in the wave functions. The result is :'® 
ra®Z4 p+p2+2a°Z? 
o(W,)dW,=dW, . (20) 
3 


(e2*02/ P+ — 1)(1 —e~?raZ/p_) 





'® Reference 2, p. 90, Eq. (21). The + sign in front of the third line in this equation has to be changed to a — sign. 

‘6 A correction by a factor two has been made here (see Fermi and Uhlenbeck, Phys. Rev. 44, 510 (1933)). The 
same result (20) follows, using polar coordinates and considering again only the big components for the s-p and p-s 
transitions, which give the largest contribution. 
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When aZ/p, and aZ, p_ are small, (20) reduces to one-half of (19). However, we believe (20) is not 
correct, since, using parabolic coordinates one can show that the small components as well as the next 
approximation to the large ones give contributions of the same order of magnitude. A result different 


from (20) has been given by Nishina, Tomonaga and Sakata 2 
r?a®Z* (16/3)(p.2?+ p_*?) +0?Z2(4+7? 2) 


o(W,)dW,=dW,—_ —_ *, (21) 
8 (e2*42 ’+—1)(1 —@¢ 2raZ/p_) 





This does reduce to (19) if aZ/p, and aZ, p_ are small. We have not been able to check this formula." 
We have made a nonrelativistic calculation using the wave functions of Sommerfeld and Maue.'’ 
They are an expansion of the Dirac wave functions for the Coulomb field in powers of aZ and may 


be written: 


y= | foti(a-G) \u, 


where, if one uses parabolic coordinates, fo is the solution of the scalar Schrédinger equation in these 
coordinates and the u's are the columns given in (6). The term with G is the first order correction 
and is proportional to aZ. Using fo only one gets the Oppenheimer-Plesset result. However the 
correction term, even in the nonrelativistic limit, gives a contribution of the same order of magnitude. 


We find then: 


Ir2a°Z3 p.?+p?+a°*Z? 


o( Wd, =dll,- — (22) 


3 (e272 P+—1)(1 —e2taZ p )’ 








which has the correct limit. 





7. Angular distribution toward higher positron energies. The angular 
distribution will in fact qualitatively depend on 
a matrix element of the form (23) where now 
p, and p_ are functions of r. For each energy 


It is readily seen that for both the electric 
dipole and quadripole at each energy W, the 
angular distribution J(@, W,) as given by (7) 
and (9) is a monotonically decreasing function of —g,, 

6, so that there is always a tendency for the a ’ 
particles to be emitted in the same direction. — 
This is most marked at the middle of the energy — oe 
distribution, i.e., W,=W_=k/2 (see Fig. 1). _ oon we 
As p, or p_ approach zero the emission becomes i 
more and more spherically symmetric. All these 
properties may be seen in a qualitative manner 
from the matrix element which governs the 
angular distribution, that is 


(p_s_| 17 |p.s,)~f'drexp (ikr—i(p,.+p_)-r). (23) me \ 



































Les N 
In the exact theory one may expect that the te 
Se ; s 
same qualitative features are true with the ex- x 
ception that the strongest parallel emission en enon 
(@=0) will be shifted away from the center 
[ 7 q * x? 


17 The angular distribution (see their Eq. (1)) does not 
upon integration over the angles give (21) (=their Eq. (2)). 

‘8’ A Sommerfeld and A. W. Maue, Ann. d. Physik 22, Fic. 1. Angular distribution for the dipole in the Born 
629 (1935). approximation. 
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Ka 


Fic. 2. Energy distribution for the dipole in the Born 
approximation. The numbers affixed to the curves refer 
to the value of &. In the statistical distribution S, computed 
for k=5 a constant multiplicative factor has been chosen 
so that the areas under this curve and under the corre- 
sponding Born curve are the same. 


the parallel emission will preponderate over the 
antiparallel emission (@=7) and this contrast 
will be greatest when p,(r)=p_(r) for then the 
integrand oscillates the least. Since the main 
contribution comes from r =1, i.e., the Compton 
wavelength, then when p_(1)= ,(1) the differ- 
ence of the energies of electron and positron at 
infinity will be about 2aZ. That is, the maximum 
preponderance of the parallel over the anti- 
parallel emission may be expected to occur at a 
point of the energy distribution which is dis- 
placed from the center toward higher positron 
energies by an amount 2aZ, i.e., 0.6 MEV 
for Z=80. 

For any fixed value of W, Eqs. (7) and (9) 
show that the angular distribution as a function 
of the energy of the y-quantum & will become 
more and more spherically symmetric as k 
approaches 2. This will also be true in the exact 
theory, and is in accord with the result men- 
tioned in the Schrédinger approximation. 

For increasing k the parallel emission increases 
while the antiparallel emission decreases so that 
the maximum at @=0 becomes more and more 
sharp. In fact for large k the average value 
of @ is: 


Schrédinger approximation (17) for k=5, Z=6 while the 
statistical distribution S, k=5 has the same area as Q. 


6~ (log 2k)-!. 


This holds for both dipole and quadripole fields. 
Indeed from (7) and (9) it follows that for large k 
the angular distributions and therefore the 
energy distributions and the total internal con- 
version coefficients for both fields become 
asymptotically equal as may be verified from 
(D,), (Qi) and (8), (10). This of course is to be 
expected, since the pairs are formed in a region 
around r=1 which for increasing & will lie more 
and more in the radiation zone of the multipole 
field. In this radiation zone the field strengths 
E and //, normalized so as to give unit energy 
flux, will become the same for all multipoles and 
therefore the probability for pair formation for k 
large become the same. The asymptotic forms 
of (7), (D1) and (8) will therefore be valid in- 
dependently of the Born approximation and for 
all multipole fields. 


8. Energy distribution 


In the interpretation of all the expressions 
found for the energy distribution it is well to 
distinguish between two factors. The first may 
be called the statistical factor and is simply 
proportional to the volume in phase space of 
the particle formed.'® In our case where the 


” Cf. G. E. Uhlenbeck and S. Goudsmit, Zeeman Jubilee 
Papers, Nijhoff, The Hague, 1935, p, 201, 
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Fic. 4. Energy distribution for the dipole in the 
Schrédinger approximation for k=2.2. The numbers 
affixed to the curves refer to the value of Z. 


energy is distributed between two particles with 
no conservation of momentum this factor be- 
comes: ~ W,W_p,p_. The second factor, which 
is the more interesting one, is characteristic of 
the mechanism of the process. We will refer to it 
as the “mechanism factor.’ It will depend 
essentially on the matrix element of the pair- 
producing field. The division into these two 
factors is quite evident in (A) for example. 

In Figs. 2 and 3 we have given the energy 
distribution for different values of & for both 
the dipole and quadripole as follows from the 
Born approximation formulae D, and Q,.”° As is 
to be expected the curves are symmetrical 
between the two particles; since the nuclear field 
has been neglected there is physically no differ- 
ence between the particles. For energies below 
k =5 the form of the distribution is given almost 
exactly by the statistical factor, so that the 
mechanism factor is practically constant. For 
higher & the distribution becomes flatter than 
the statistical factor and eventually develops a 
minimum at the center, just as the distribution 
in the case of the plane y-wave.*! This is probably 


2» Among the y-rays found for light elements there are 
several of energies around k=5, 10 and 25. For example, 
5B" (2.4 MEV, k=4.7), «C® (2.7 MEV, k=5.3), 6C? 
(5.5 MEV, k=10.8), ,O" (5.4 MEV, k=10.6), ;Li’? bom- 
barded with protons (~12 MEV, k= 24). 

*! Bethe and Heitler, Reference 2, Fig. 5. 
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Fic. 5. Energy distribution for the dipole in the Schrédinger 
approximation for k =3 and the values of Z indicated. 


due to the spin of the particles since in the Pauli- 
Weiszkopf theory” such a minimum does not 
appear. 

In Figs. 4 and 5 we have given the energy 
distribution for two values of k and several values 
of Z as follows from the Schrédinger approxima- 
tion formula (16) for the dipole. Because of the 
influence of the nuclear field, which is contained 
in the mechanism factor and is expressed by 
No~ ? Not |? (see Eq. (15)), the distribution is 
no longer symmetrical. This factor No~ *) No* ,? 
is the product of the densities of the two par- 
ticles at the nucleus and for large Z or small k 
essentially determines the form of the distribu- 
tion. Expressing the repulsion of the positron by 
the nucleus | No* ? will be small and will make 
the distribution function vanish exponentially 
when p, goes to zero. Due to the attraction of 
the electron by the nucleus, expressed by | No~ |? 
the distribution will be finite at the other end. 
As a consequence for large Z or small & the dis- 
tribution function will be monotonically in- 
creasing with W,. For smaller Z or larger k the 
curve will develop a maximum which shifts 
more and more to the center, and approaches the 
statistical distribution. This is evident from 


22 W. Pauli and V. Weiszkopf, Helv. Phys. Acta 7, 709 
(1934). 
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(16) and (17) when aZ/p, and aZ/p_<1. It be- 
comes therefore similar to the Born approxima- 
tion distribution for small k (cf. Fig. 3). For a 
particular value of k and W, the probability as 
a function of Z will have a maximum which 
occurs at larger Z the greater W,. This is due 
to the interplay of the densities Ny ? and 

Not? which are increasing and decreasing 
functions of Z, respectively. 

The behavior of the distribution function near 
the ends as given by the endpoint formulae in 
section IV is qualitatively the same as that 
found from the Schrédinger approximation, since 
they also contain the density factors. One might 
hope that especially at the important end of 
the distribution, i.e., W.=1, (D3) and (Qs) 
would give quantitatively better results. Com- 
parison with the exact theory (see §9) shows 
that this is mot the case, (D3) and (Q3) giving 
too large values. This must mean that replacing 
the positron wave function by a plane wave over- 
estimates its “interference effect’’ on the proba- 
bility. At the other end of the distribution, i.e., 
W.,, =1, (D3;') and (Q3') give the same behavior as 
the Schrédinger approximation. The strong expo- 
nential decrease of the distribution function at 
this end must be expected to be generally valid. 


9. Comparison with the exact theory of Jager 
and Hulme 

Using the exact Dirac wave functions for the 
Coulomb field Jager and Hulme have given the 
theory for the internal conversion process for 
both the dipole and the quadripole. They have 
obtained numerical results for o(W.,) at five 
points on the energy range in the case k=3, 
Z=84. Fig. 6 shows the comparison of these 
results with the corresponding Schrédinger ap- 
proximation curves.”* 
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Fic. 6. Energy distribution for k =3, Z=84, in the exact 
theory (full lines) and in the Schrédinger approximation 
(dashed lines). The dipole and quadripole curves are 
designated by D and Q, respectively. 


The agreement is no doubt partly accidental. 
This becomes clear if one tries to improve the 
Schrédinger approximation formulae (16) and 
(17) by removing the restriction aZ<1. This 
can be done by using the exact Dirac wave 
functions, developing in p, and p_ only and 
considering just those transitions which give the 
main contribution. These correspond to the s—s 
(dipole) and s—p, p—s transitions (quadripole) 
in the Schrédinger approximation. The result in 
case of the dipole for the sum of the matrix 
elements in (B) is quite analogous to (15). 
One gets from this sum: 


| M_|2| M, |2(12(2-y0) /k479), (24) 


where yo=(1—a2Z*)! and |M_|*, |M,/* are 


radial normalization factors: 


1»! P(-yo+-iaZ W_/p_) |*(yo+1)? 





and |M,|? is to be obtained from this by 
changing the sign of Z and by replacing — 


*8 The lowest value of W, which Jager and Hulme have 
computed is W, =1.25. In accordance with what has been 
pointed out concerning the behavior of the distribution 


(1+ W_)(2p_)? "e722 ¥ - 
- 4W_ 


P(2yo+1) 





by +. The difference in the dependence on k 
between (15) and (24) is due to the fact that in 


function near W,=1, we believe it more plausible to 
extrapolate their curve towards W,=1 as we have indi- 
cated by the dotted curve. 
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Fic. 7. Total internal conversion coefficient for the 


dipole. B is the Born approximation curve, E the curve of 
Jager and Hulme and S the Schrédinger approximation 
result all for Z=84. The dotted curve is the Schriédinger 
approximation curve for Z= 10. 


the exact theory the wave functions considered 
behave like rv%~! at the origin. Combining (24) 
with (B) one obtains an expression for the 
energy distribution which for aZ<1 becomes 
the same as (16). This might be expected to 
give better numerical results. Actually this is not 
the case; the aZ arbitrary distribution lies 
entirely below that obtained from (16). The 
infinity of the wave functions at the origin, 
expressed in the k-dependence, does tend to 
increase the results but this is entirely overcome 
by the fact that the positron normalization 
factor |M, |? is so much smaller than the non- 
relativistic |No*+|*. Of course it is not surprising 
that the eZ arbitrary distribution lies completely 
below the true one of Jager and Hulme, since 
one has also to consider other transitions. It 
appears then that the overestimate of the 
positron normalization factor |No+ ? in the 
Schrédinger approximation rather accidentally 
compensates for the neglect of the other tran- 
sitions. 

One may expect that in a certain range of 
energy this compensation will always be more 
or less the case. Since in addition the Schrédinger 
approximation formulae (16) and (17) have the 
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Fic. 8. Total internal conversion coefficient for the quadri- 
pole, Z = 84. 
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right qualitative behavior, we believe that for k 
say up to 5 and for all Z, (16) and (17) will give 
also quantitative results correct within a fair 
degree of accuracy. For k& larger than 5 and Z 
small (say =20) the Born approximation will no 
doubt give nearly correct results. For large Z 
however, the Born approximation even for 
values of k as high as 6 or 7 will probably not 
give the correct form of the energy distribution, 
although the total area o may be given quite 
accurately. 


10. The total internal conversion coefficient 

In Figs. 7 and 8 we have given the total 
internal conversion coefficient as a function of k 
both for dipole and quadripole. The Born 
approximation result has been computed by 
graphical integration from (D,) and (Q)).** The 
Schrédinger approximation results have been 
obtained in the same way from (16) and (17). 
For k near 2 (16) and (17) can be integrated 
analytically, giving: 


o 2(3/4)a*Zgie—27 22/0, 
o (5 /12)atZ*g%e—27 22/9, 
respectively, if g?=2(k—2). This shows the be- 


24 We have not made use of the asymptotic formulae (8) 
and (10) since the approach to them is very slow. 
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havior for k near 2; for large k (8) and (10) 
show that o increases like log k. 

These results have to be compared with the 
results of Jager and Hulme which are also indi- 
cated in the figures. They have given curves for 
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to k=5 in the case Z=84. One sees again that 
by the combined use of the Born and Schrédinger 
approximation results the total internal con- 
version coefficient may be obtained for all k and 
all Z to within a fair degree of accuracy, say of 


the dipole up to k=7 and for the quadripole up — the order 15 percent. 
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The Spectrum of Molybdenum V 


M. W. Trawick, Department of Physics, Cornell University 
(Received June 15, 1935) 


The spectrum of Mo V has been excited in a vacuum spark and photographed with a vacuum 
spectrograph. With the aid of the irregular doublet law applied to the Sr I-like isoelectronic 
sequence, lines involving combinations of 4d?3(FP), 4d5s !}3D, 4d5d'(PD), and 4d5d °(DF) 
with 4d5p *.'(F°D°P*°) and 4d4f *(G°F°), and lying in the spectral region from 2100A to 400A 
have been identified. Estimates of the absolute term values have been made from a Moseley 


diagram. 


HE spectra of the first four elements in the 
Sr I-like isoelectronic sequence have been 
classified by various investigators; Sr I by 
Russell and Saunders and by others,' Y II by 
Meggers and Russell,? Zr III by Kiess and 
Lang,’ and Cb IV by Gibbs and White‘ and, 
more fully, by Lang.® The present paper extends 
the sequence to include Mo V. 

The spectrum of Mo V was excited in a vacuum 
spark between solid metal electrodes and photo- 
graphed with a vacuum spectrograph containing 
a concave grating of 150-cm radius of curvature 
and ruled with 15,000 lines per inch. The vacuum 
spark between aluminum electrodes furnished 
the standard lines, either those of aluminum itself 
or those of nitrogen and oxygen brought out in 
the discharge. 

Higher order lines were carefully noted. The 
lines of Mo IV and Mo VI which lie in the region 
investigated (2100A to 400A) were sorted out on 


‘Saunders, Astrophys. J. 56, 73 (1922); Russell and 
Saunders, Astrophys. ]. 61, 39 (1925). 

* Meggers and Russell, Bur. Standards J. Research 2, 
733 (1929). 

*Kiess and Lang, Bur. Standards J. Research 5, 305 
(1930) 

* Gibbs and White, Phys. Rev. 31, 520 (1928). 

* Lang, Phys. Rev. 44, 325 (1933). Also, private com- 
munication to Professor R. C. Gibbs. 


the basis of the classifications by Eliason® and 
by the author.’ 

The identification of the multiplet transitions 
4d5p*(F°D°P°) into 4d?3(FP) and 4d5s*D 
furnished the key to the classification of the 
triplet lines. First, the triplet transition 4d5s *D 
—4d5p *(F°D°P°) was looked for with the help 
of a linear extrapolation of the wave numbers of 
the corresponding lines for the preceding mem- 
bers of the sequence. Fig. 1 is a diagram showing 
the relative positions of the lines in these mul- 
tiplets. In this diagram, only the stronger lines, 
in general, are connected from one element to 
the next. 

Since there was a large number of lines in the 
region of the spectrum occupied by the lines of 
the 4d5s*D—4d5p*(F°D°P*) multiplets, it was 
only by finding lines lying in the region of 
4d?*F—4d5p*(F°D°P®°) (as indicated by the 
linear extrapolation of wave numbers) and having 
the same wave number separations as the lines 
of the 4d5s—4d5p transition that a solution of 
the problem was obtained. Difficulty in identify- 
ing these latter lines was experienced because 


6 Eliason, Phys. Rev. 43, 745 (1933). 
7 Trawick, Phys. Rev. 46, 63 (1934). 
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Fic. 1. Displacement of multiplets. 


TABLE I. Classifled lines of Mo V. 








| 








A(A) Int. v(em~!) Classification | ACA) Int. v(cm~!) Classification 
2159.30 Od 46,311.3 4d5s 3D3 —4d5p 'F°3 1189.96 2 84,036.4 4dSp 3F% —4dSd 3F3 
2081.83 Sd 48,034.6 4d5s 3D. —4d5p 'F °s 1169.34 4 85,518.3 4d5p 3F°, —4d5d 3F 
1848.59 0 54,095.3 4d5s 3D2. —4d5p'P°% 1157.85 4d 86,367.0 4d5 p 3F°: —4d5d 3F 2 
1823.98 0 54,825.2 4d5s 83D, —4d5p'P*% 1148.53 8d 87 ,067.8 4d5p 8F°, —4d5d *F 4 
1801.49 5 55,509.6 4d5s 3D3 —4d5p 3F° 1137.97 6d 87,875.8 4d5p *F°s —4d5d 3F 3 
1790.91 4 55,837.5 4d5s 83Dy —4d5p 3D*, 1127.07 0 88,725.0 4d5p 3F°s —4d5d 3F3 
1774.35 9 56,358.7 4d5s 3D3 —4d5p 3F°s 1099.97 0 90,911.6 4d5p 3F°s —4d5d 3F 4 
1773.79 4d 56,376.4 4d5s 3D; —4d5p 3D*% 730.27 1 136,936 4a? 3P, —4d5p 3F°2 
1767.77 7 56,568.4 4d5s 3D; —4d5p 3D* 729.23 1 137,131 4d2 3P, —4d5p3D% 
1756.83 2d 56,920.7 4d5s 3D3 —4d5p 'D°2 725.77 8 137.785 4d2 3Py —4d5p3D° 
1756.33 1 56,936.9 4d5p 8P°2 —4d5d 3) _— th hate 4d2 3P. —4d5p 3F°s 
1749.02 2 57,174.9 4d5s 'D2 —4d5p 1F°s 721.86 8 138,534 4d? 3P, —4d5p 3F °s 
1747.22 7 57,233.8 4d5s 3Dz. —4d5p °F °: 717.36 3 139,400 4d? 3P, —4d5p 3D°%: 

*1725.15 6 57,966.0 4d5s 3D) —4dSp 3F% 716.19 7 139,628 4d? 3P, —4d5p 3D°3 
1722.40 2 58,058.5 4d5p 3P°; —4d5d D2 698.33 2 143.199 4d? 3P, —4d5p 3P*, 
1721.67 7 58,083.1 4d5s 3Dz2 —4d5p 3F°3 692.32 6 144,442 4d? 3P, —4d5p 3P% 
1721.20 7 58,099.0 4d5s 3Dz2 —4d5p 3D% 690.59 6 144,804 4d2 3P, —4d5p 3P% 
1718.09 7 5§8,204.2 4d5s 3D3 —4d5p 3D°s3 688.47 6 145,250 4d? 3P, —4d5p *P°% 
1705.25 0 58,642.4 4d5s 3Dz —4d5p 'D°2 687.52 3 145,450 4d? 3Py9 —4d5p %P*% 
1699.75 7 58,832.2 4d5s 3D, —4d5p 8D*% 684.75 5 146,039 4d? 3P, —4d5p 3P%: 
1684.16 00 59,376.8 4d5s 83D, —4d5p 'D°2 676.42 6 147,837 4d? 3F,y —4d5p 3F°% 
1668.67 6 59,928.0 4d5s 3Dz. —4d5p 3D°%3 672.24 6 148,756 4d2 3F3 —4d5p 3F% 
1661.23 9 60,196.4 4d5s 3D3 —4d5p 3F% 671.37 6 148,949 4d? 3F, —4d5p 3D 
1644.74 6 60,799.9 4d5p 3D°3 —4dSd 3Ds *668.39 10 149,613 4d? 3F3 —4d5p 3F°% 
1643.12 2 60,859.8 4d5p 'D°2 —4d5d 'Dz *668.32 10 149,629 4d? 3F; —4d5p 3D% 
1622.55 0 61,631.4 4d5p 8D°s —4d5d 8D» 668.09 10 149,680 4d? 3Fy —4d5p 3D° 
1596.73 0 62,628.0 4d5p 8D°. —4d5d Ds 665.14 6 150,344 4d? 3F, —4d5p 3F°2 
1586.91 8 63,015.5 4d5s 3D3 —4d5p 3P 2 *661.40 4 151,193 4d? 3Fy —4d5p 3F°s 
1581.34 6 63,237.5 445s 'Dz. —4d5p 'P% *661.33 4 151,209 4d? 3F, —4d5p 3D°% 
1575.85 2 63,457.8 4d5p §D°2, —4d5d 3D2 660.28 1 151,451 4d? 3F3 —4d5p 3D°s 
1574.71 8 63,503.8 4d5s 3Dzy —4d5p 8P% 659.31 7 151,674 4d? 3Fy —4d5p 3F % 
1572.96 3 63,574.4 4d5p 83D°%, —4d5d 8D, 651.68 2 153,450 4d? 3F; —4d5p 3F% 
1559.70 3 64,114.9 4d5p 'D°2. —4d5d 'P1 639.95 2 156,262 4d2 3F3 —4d5p P%: 
1556.78 6 64,235.2 4d5s 3D, —4d5p °P*1 638.51 0 156,615 4d? 3F, —4d5p %P% 
1546.13 4 64,677.6 4d5s 8D, —4d5p 3P% 434.52 6 230,139 4d? 3F; —4d4f 3F*, 
1544.65 4 64,739.6 4d5s Dz —4d5p §P% 431.55 6 231,723 4d® 3F, —4d4f 3F% 
1538.75 0 64,987.8 4d5s ‘D2 —4d5p 4D 428.63 3 233,301 4d? 3F3; —4d4f 3F°3 
1528.80 3 65,410.8 4d5p 'P°, —4d5d 'De 425.77 0 234,869 4d? 3F, —4d4f 3F°% 
1527.44 0 65,469.0 4d5s 3D, —4d5p °P*2 420.61 5 237,750 4d? 3Fy —4d4f 3F% 
1521.51 1 65,724.2 4d5p §3D°,; —4d5d *De 417.49 6 239,527 4d? 3F3 —4d4f 3F% 
1518.86 3 65,838.9 4d5p 8D°; —4d5d 8D, 414.11 0 241,482 4d? 3Fy —4d4f 3G% 
1487.18 0 67,241.4 4d5s 'Dz —4d5p 3D 413.11 0 242,055 4d? 3F3 —4d4f °G°% 
1475.19 2 67,787.9 4d5s 'Dz —4d5p 'D°2 412.42 5 242,471 4d? 3Fy —4d4f 3G°; 
1456.35 3 68,664.8 4d5p 'P*,; —4d5d 'P; *411.08 8 243,255 4d2 3F; —4d4f 3G% 
1447.78 00 69,071.3 4d5s 'Dz —4d5p 8D°3 410.35 5 243,665 4d* 3F, —4d4f 3G% 
1399.14 3 71,472.5 4d5p 'F°s —4d5d 'D2 











several of the principal lines belonging to these 
groups were not resolved on the plates. 

The identification of the remainder of the lines 
was facilitated by determining the narrow region 
in which they must lie by use of diagrams similar 


to Fig. 1 for the corresponding transitions in the 
other members of the sequence. 

The singlets were identified by finding the 
transitions of 4d5p '(P°D°F°) into 4d5s *D. After 
these lines had been identified, it was possible 
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Fic. 2. Moseley diagram. 


to determine the 4d5s'D and 4d5d'(PD) terms 
by their combinations with the 4d5p singlets. The 
4d?'(FP) terms were not found, as the lines 
yielded by the combinations they make with the 
4d5p singlets lie at shorter wavelengths than it 
was possible to photograph successfully. 

Table I gives a list of the classified lines, with 
their relative intensities and wave numbers. 
The lines not completely resolved from other 
lines very near them are marked with asterisks. 

Approximate absolute term values were as- 
signed from extrapolations on a Moseley dia- 
gram, Fig. 2. The values found by extrapolation 


TABLE II. Term values for Mo V. 











APPROXI- APPROXI- 
RELA- MATE RELA- MATE 
TIVE ABSOLUTE TIVE ABSOLUTE 
TERM TERM TERM TERM 
CONFIG. TERM VALUES VALUES |CONFIG. TERM VALUES VALUES 
4d? 3F 2 0 493,359 4d5p 3F% §=155,033 338,326 
3F3 1,585 491,774 3P°, 156,616 336,743 
3F, 3,359 490,000 3P% 157,060 336,299 
3Po 11,165 482,194 8P% 157,852 335,507 


3Py 11,812 481,547 
3P2 13,413 479,946 | 4d5d 'De 212,620 280,739 
3D3  =-213,840 279,517 


4d5s 1D 83,971 409,388 3D, =: 214,671 278,688 
spr 92,381 400,978 3D, 214,786 278,571 
3De2 93,113 400,246 'P, 215,874 277,485 
3Ds3 94,837 398,522 3F2  =236.714 256,645 


3F3 239,071 254,288 
4d5p 1F°s; 141,150 352,209 3F, =. 242,104 =251,255 
'P®, 147,209 346,150 
3D*, 148,950 344,409 | 4d4f 3F%, 231,724 261,635 


3F% 150,346 343,013 3F°s 234,886 258,473 
3F°s 151,196 342,163 3F% «241,112 252,247 
$3P% 151,212 342,147 3G°3 243,665 249,694 
1D°%. 151,760 341,599 8G% = 244, 41 248,518 
3D*3 153,041 340,318 3G°5 245,830 247,529 
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Fic. 3. Relative positions of terms in the configurations. 


of (4d? °F ,/R)', (4d5s *D3/R)',and (4d5p *F°,/R)! 
gave the most consistent results and are the 
only ones shown in Fig. 2. The absolute term 
values estimated by this method and referred 
to 4d *D,, of Mo VI along with the term values 
relative to 4d?°F,, the lowest term actually 
found, are given in Table II. 

Fig. 3 shows the terms of each configuration 
throughout the sequence plotted relative to one 
of the terms of that configuration or to the 
centroid of the configuration in the case in which 
all the terms of that configuration were found. 
The terms for Mo V seem to be related to each 
other and to the terms of the preceding elements 
in a manner to be expected, except for an ap- 
parent irregularity in the Cb IV 4d? *P%, ;. 

The writer wishes to thank Professor R. C. 
Gibbs for suggesting the problem and for giving 
much helpful advice in connection with the work. 
He is deeply indebted to Professor R. J. Lang for 
his kindness in supplying Professor Gibbs with 
his unpublished data on Cb IV which have been 
utilized in the composition of Figs. 1, 2 and 3. 
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The Hyperfine Structure of the Mercury Triplet 6’P,,.—7°*S, in 
Optical Excitation 


EmiLy E. BoGGs AND Haro_p W. Wess, Columbia University 
(Received May 31, 1935) 


The relative intensities of the hyperfine structure com- 
ponents of \5461, 44358 and \4047 in optically excited 
mercury vapor were computed by using the energy level 
scheme and intensity distribution calculated by Schiiler 
and Keyston, with the assumption of complete absorption 
of 42537 and slight absorption of (4358. Since the excita- 
tion is in two steps, the ratio of the intensities of the com- 
ponents due to the less abundant isotopes to those due to 
the more abundant is much less than in the normal low 
pressure arc, in which the excitation of each isotope is 
proportional to its concentration These calculations were 


checked experimentally. Mercury vapor in a quartz 
resonance cell was excited optically by a low pressure 
mercury glow discharge in a helical quartz tube. This 
source was found to have the energy distribution pre- 
dicted by Schiiler and Keyston indicating small reversal. 
The hyperfine structure was photographed with a Lummer 
plate and the intensities determined from microphotometer 
records. The intensities from the optically excited vapor 
were found to agree within experimental error with the 
computed values. 





ARIOUS experimenters! have observed 
that the lines of the sharp series triplet 
6*Poi2—7°S; of mercury showed marked differ- 
ences in the relative intensities of their hyperfine 
structure under different conditions of excitation 
These differences were due in the most part to 
self-absorption in the radiating sources. E. 
Hobart Collins? investigated with a Lummer 
plate the relative intensities of the hyperfine 
structure when the triplet was excited optically*® 
at low pressures by absorption of \4358 following 
the absorption of \2537. The mercury vapor in 
a quartz resonance tube was excited by light 
from water-cooled, magnetically deflected quartz 
mercury arcs. Conspicuous differences were ob- 
served between the radiation excited by electron 
impact and that excited optically. \5461, which 
in the unreversed arc has 12 components, showed 
only one in the optical excitation. In \4358 and 
44047 some but not all the components which 
appear in the arc were found in the optically 
excited radiation. Since the intensities were 
estimated by assuming that the blackening of 
the photographic plate was proportional to the 
intensity and no calibration marks or intensity 
standards were used, the results were only 
qualitative. In each case the central component 
1H. Luneland, Ann. d, Physik 34, 505 (1911). (This 
article gives a résumé of work previous to this date.) 
H. Nagaoka, Proc. Tok. Math. Soc. [2] 8, 229 (1915); 
J. L. Snoek, Zeits. f. Physik 35, 883 (1926); R. Brunetti, 
Acad. Lincei. Atti, 496 (1923). 
* E. H. Collins, Phys. Rev. 32, 753 (1928). 


*C. Fiichtbauer, Physik. Zeits. 21, 635 (1920); R. W. 
Wood, Phil. Mag. 50, 775 (1925). 


was relatively much stronger than the other 
components. Later Mrozowski‘ found only the 
central component present in the optically 
excited radiation. Still more recently Pool and 
Simmons® in similar experiments found the 
relative intensity of the central component much 
enhanced in the optical excitation, although the 
other components were observed. 

Very careful measurements of the wavelengths 
of these lines have been made by Nagaoka* and 
others.’ Several attempts to explain the struc- 
ture*® were made but none were very satisfactory 
until Schiiler and Keyston® in 1931 developed a 
system of energy levels for these hyperfine 
structures based upon the assignment of the 
components to the various isotopes of mercury. 
It was assumed that the even isotopes (196, 198, 
200 and 204) had a nuclear moment /=0 and 
that the odd isotopes (199 and 201) had nuclear 
moments of J=1,/2 and /=3/2, respectively. 
These assumptions, together with the sum rule 
of Burger and Dorgelo'® and the data determined 
by Aston on the abundance of the various 


4S. Mrozowski, Zeits. f. Physik 78, 826 (1932). 

5M. L. Pool and S. J. Simmons, Phys. Rev. 44, 744 
(1933). 
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7 L. Janicki, Ann. d. Physik 19, 36 (1906); 39, 439 (1912); 
J. C. McLennon and A. R. McLeod, Proc. Roy. Soc. A90, 
243 (1914). 

8H. Nagaoka, Proc. Tok. Math. Soc. [2] 5, 1 (1909); 
Physik. Zeits. 10, 609 (1909); J. C. McLennon and A. R. 
McLeod, reference 7. 

*H. Schiiler and J. Keyston, Zeits. f. Physik 72, 423 
(1931); H. Schiller and E. G. Jones, Zeits. f. Physik 74, 
631 (1932). 

10H. C. Burger and H. B. Dorgelo, Zeits. f. Physik 23, 
258 (1924). 
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isotopes, enabled them to calculate the relative 
intensities of the hyperfine structure components 
of each of the lines as excited by electron impact, 
i.e., in an arc or glow discharge free from the 
effects of self-reversal. Observations made on a 
specially designed water-cooled mercury arc 
checked these observations quite satisfactorily. 
Fig. 1 shows the energy level system devised by 
Schiiler and Keyston for \2537 and the three 
lines of the triplet 6*Po12—7*S). Since the hyper- 
fine energy levels of all the even isotopes are 
single, the system of levels shown at the left 
represents any one of the even isotopes. Through- 
out this paper, the components arising from the 
even isotopes will be denoted by X, the isotope 
to which the particular component belongs being 
denoted by the subscript. The components 
arising from the isotope 199, as shown in the 
system of energy levels in the center of the 
diagram, will be denoted by upper case letters 
and those from isotope 201, shown on the right, 
by lower case letters. The figures in the paren- 
theses beside the number designating the isotope 
give the abundance of the isotope as determined 
by Aston. 

In the research described in this paper the 
intensity distribution of the hyperfine structure 
components of the lines of this triplet was 
measured under carefully controlled conditions 
of optical excitation and the results compared 
with those computed from the Schiiler and 
Keyston scheme. The intensity distribution was 
also examined in an ‘“‘unreversed arc’ and found 
to agree with that predicted by Schiiler and 
Keyston. By an unreversed arc is meant an arc 


or glow discharge in which the intensity distribu- 
tion produced by electron impact is not appreci- 
ably altered by self-absorption. 

In calculating the relative intensity distribu- 
tion to be expected from optical excitation, we 
have, in general, to consider the absorption 
process as though we had seven distinct sub- 
stances having different concentrations. For any 
substance the total excitation by electron impact 
depends upon its concentration and upon the 
excitation probability. Since the latter is the 
same for each isotope, we find for this type of 
excitation, under conditions for which there is 
no self-absorption, that the total radiation from 
each isotope is proportional to its relative 
abundance, N. With optical excitation, on the 
other hand, since this results in the case of the 
triplet under consideration from two-step ab- 
sorption, the problem is quite different. In at 
least one of the steps the absorption is small so 
that it depends in amount upon the number of 
absorbing atoms 7, the intensity of the impressed 
radiation J and the atomic absorption coefficient 
B, being approximately equal to nJ/B. 

Now n for a resonance line, such as A2537, 
depends directly upon the abundance of the 
isotope and J depends upon the same, if an 
unreversed arc is the exciting source. In the 
case of the even isotopes, which have only a 
single component in each line, for very weak 
absorption the relative absorption for \2537 by 
any two of these would be in the ratio of the 
squares of their abundances. If now these 
isotopes absorb (4358 from the same source and 
this absorption is also weak, since m is now 
proportional to N* we would have the relative 
number of atoms optically excited to the 7°S, 
level in these two even isotopes proportional to 
N°. If, however, the first step in the excitation, 
i.e., the absorption of \2537 is very large, the 
relative amount of excitation of these isotopes 
would be proportional to the relative values of / 
from the two isotopes, so that the relative 
values of the final excitation to the 7°S, level 
and the subsequent emission of the triplet would 
be proportional to N?, as in the case of a single 
step. This illustration assumes that the absorp- 
tion lines of the isotopes in question do not 
overlap, that is, one isotope can not absorb the 
radiation of the other. 
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TABLE II. Absorption of 4358. 
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TABLE I. Absorption of 42537. 

Iso- Compo- UPPER 
TOPE N NENT I LEVEL 
1 2 3 4 5 
201 13.67 a 6.84 5/2 

b 4.56 3/2 

c 2.28 1/2 
199 16.45 A 5.48 1/2 

B 10.96 3/2 
196 10 X 196 10 1 
198 9.89 NX js 9.89 1 
200 23.44 X 200 23.77 1 
202 29.27 X 2 29.27 1 
204 6.85 X 205 6.85 1 








In the case of two odd isotopes the calculation 
is, however, more complex since each of these 
lines is made up of several components. The 
calculations for one of these isotopes, 199, will 
be considered in detail below. Those for the 
other are omitted for lack of space. 

In making the following calculations it is 
assumed that all the components of \2537 are 
completely absorbed, an assumption which cor- 
responds well with the experimental conditions 
of these tests. The radiation from the exciting 
source used is further taken as unreversed, that 
is, as having the energy distribution given by 
Schiiler and Keyston. The details of the compu- 
tation are shown in Table I for the absorption 
of 42537. Column 1 shows the various isotopes 
of mercury and column 2 the abundance of each 
isotope as given by Aston: column 3 lists the 
components of 42537, column 4 the intensity of 
each component according to Schiiler and Key- 
ston and column 5 the quantum number f of 
the upper hyperfine energy levels of each compo- 
nent. Since \2537 is taken as completely absorbed 
the concentration » of atoms excited by absorp- 
tion to the 6*P, state in all the isotopes will 
have the same relative values as the correspond- 
ing emission lines in the source, that is n=kN, 
where & is a constant of proportionality. Table 
II shows the details of the computation for the 
subsequent absorption of 4358. It is assumed 
that the components of 44358 are only slightly 
absorbed, the absorption and therefore the 
contribution of each component to the number 
of excited atoms in the upper level being given 
by Bln. Column 1 shows the components of 
44358, column 2 the hyperfine quantum numbers 
fi for the lower levels, column 9 gives the 
corresponding values fe for the upper levels, 








Com- LOWER n IN I UPPER + IN 
PO- LEVEL I al LOWER AB- LEVEL UPPER 
NENT (f1) 1 N Ae k’B LEVEL SORBED (f2) LEVEL 
1 2 3 4 5 6 7 8 9 10 
a 3/2 205 15 30 45 4.56 4.21 5/2 27.14 
b §/2 4.79 .35 .70 70 6.84 22.93 5/2 
‘ 1,2 1.90 .14 .42 83 2.28 3.61 3/2 8.19 
d 3/2 61 O04 13 13 4.56 . Be: 
e 5/2 2.05 15 45 30 6.84 4.21 3/2 
f 1/2 380 (O37 17 2.28 -14 «1/2 3.78 
g 3/2 1.90 .14 .84 42 4.56 3.64 1/2 
A 3/2 1.83 .11 33 17 «=©10.96 3.35 1/2 16.73 
B 1/2 3.66 .22 67.67 5.48 13.38 1/2 
€ 3/2 9.15 .56 84 84 10.96 83.70 3/2 87.04 
D 1/2 1.83 .11 ao <a. 5.48 nee 63/2 
Ni 1 10 1 1 1 10 O1 1 01 
Nis 1 9.89 1 1 1 9.89 97.81 1 97.81 
X20 1 23.77 1 1 1 23.77 565.01 1 565.01 
Xx» 1 29.27 1 1 1 29.27 856.73 1 856.73 
Nos 1 6.85 1 1 1 6.85 46.92 1 46.92 








column 3 the intensities of the lines according 
to Schiiler and Keyston and column 4 J, N. In 
column 5 are the values of the Einstein atomic 
emission coefficients, A divided by a constant A,, 
the value of the coefficient for the components 
from the even isotopes. These values of A were 
obtained from the relationship A=(/ S/)A,, 
where the summation is over all the components 
originating at the upper level in question. In 
column 6 are the atomic absorption coefficients 
B, multiplied by a convenient constant k’ 
obtained by the relationship B=const. (p2/ p)A, 
where p2= 2f2+1 and p:=2f,+1. Column 7 gives 
the relative concentrations » of electrons in the 
lower level for each component of 4358, re- 
sulting from the absorption of 2537. For 
example, the absorption of component C of \4358 
in isotope 199 is nJB=0.84X9.15 X 10.96, since 
it arises from the 3/2 hyperfine level of the 6°P; 
state. Again, the absorption of component D of 
44358 is given by 0.33X1.83X5.48 since it 
arises from the 1/2 level of the 6°P, state. 
These products are recorded in column 8. Both 
of these absorption processes result in excited 
atoms in the 3/2 level of the 7*S, state so that 
the sum, 87.04, of the quantities absorbed gives 
a measure of the optical excitation of this level. 
Similarly, absorption of A and B results in the 
excitation of the 1/2 level of the 7*S, state of 
isotope 199, the calculated value of which is 
16.73. (See column 10.) 

The optical excitation of the 5/2, 3/2 and 1/2 
levels of the 7°S, state of isotope 201 was 
computed in a similar manner, the process being 
more complex since for this isotope there are 
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three hyperfine lower levels (6°P,;) and three 
hyperfine upper levels (7°S,) for 44358. The 
calculations for the even isotopes follow the 
same scheme except that all the levels are single 
and, therefore, each level is filled by absorption 
of only one component. The excitation of each 
upper level (column 9) for all the isotopes is 
given in column 10. 

From the computed concentrations of atoms 
excited to the various levels of the 7°S, state of 
the various isotopes and the previously calculated 
values of the emission coefficients (A), the rela- 
tive intensities of the hyperfine structure compo- 
nents for the optical excitation of each of the 
lines of the triplet are found. These calculated 
values, expressed as percentages of the total 
radiation from all the isotopes for each line of 
the triplet, are given in Table III column 7 for 
45461, in Table IV column 7 for 4358, and in 
Table V column 7 for 4047. 

The above calculations were made on the 
assumption that each component was absorbed 
separately, i.e., that the wavelengths of no two 
components were so close that there was appreci- 
able overlapping of their line structure and a 
consequent mutual absorption. Since, however, 
there are extremely small differences between 
the recorded wavelengths of several components, 
the effect of this overlapping was considered. 
An outstanding example of such groups of 
components is a, A and X25 in \2537; in 44358 
all the components emitted by the even isotopes 
form such a group. The above calculations were 
repeated assuming that such components over- 
lapped completely, that is, that the wavelengths 
were exactly the same. The results gave the 
same general type of distribution of the intensi- 
ties but did not agree as well with the experi- 
mental results as the simpler calculation, indi- 
cating that the effect of mutual absorption due 
to overlapping was small. 

Calculations were also made neglecting over- 
lapping and assuming that there was small 
absorption of 42537 followed by a small absorp- 
tion of 44358. As pointed out above, the ab- 
sorption of 42537 would then be similar to that 
of 4358 and there would be a still greater 
difference between the intensities of the compo- 
nents from the more abundant and less abundant 
isotopes. The results given by these calculations 
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TABLE III. Hyperfine structure of \5461. 











U nreversed Optical 
Are Excitation 
Com- 
UPPER PoO- dv 
ISOTOPE LEVEL NENT (cm™) Catc. Expt. Cate. Expr. 
1 2 3 q 5 6 7 & 
201 §/2 a —0.728 0.14 * 0.03 * 
b —.431 1.23 1.3 .29 0.32 
r 0 5.44 5.4f 1.27 1.27t 
3/2 ad —.247 .23 .23t 024 026t 
e 0 1.46 1.5¢ .16 .16t 
tf +.232 2.87 3.1 .30 .37 
1 g +.158 1.14 1.2 ll -12 
h +.342 1.14 1.2 ll -1l 
199 1/2 A —.278 5.50 5.4} 98 1.04} 
3/2 B 0 9.88 9.9F 4.60 4.60T 
ky +.790 1.10 1.1 51 51 
196 198 Central 0 69.88 69.75t 91.62 91.64T 


200 202 204 (X's) 








* Component @ was not observed because of its low intensity and 
unfavorable overlapping of orders. 

tA procedure similar to that described in the previous note was 
followed for components B, c, e and the X's, which are completely 
merged. 

t A and dare not well resolved and dis very small. They were treated 
as one in measurement and in the table given the relative proportions 
determined by the calculated values. 


TABLE IV. Hyperfine structure of 4358. 














U nreversed Optical 
An Excitation 
Com- 
UPPER Po- dv 
ISOTOPE LEVEL NENT (cm™!) Catc. Expt. Catc. Expr. 
2 3 4 5 6 7 s 
201 5/2 a —0.555 2.05 2.4 0.48 0.47 
b —.099 4.79 4.9 1.10 1.04 
3/2 c —.164 1.90 2.0 .20 25 
d +.106 61 .62* 064 064* 
e +.556 2.05 2.0 .22 25 
1/2 J +.245 32 .32 037 036 
& +.505 1.90 2.0 18 25 
199 1,2 A —.960 1.83 1.8t 32 32t 
I —.240 3.66 4.0 .65 53 
3/2 c +.106 9.15 9.3* 4.25 3.91* 
D +.836 1.83 1.87 B5 B5t 
196 198 Central 0 69.88 68.9t 91.62 92.04t 


200 202 204 (X's) 








* C and d are not well resolved. A procedure similar to that described 
in the previous note was followed in obtaining their separate values. 

tA and D were merged with the central components of adjacent 
orders and, therefore, could not be isolated. A and D together with the 
central components constitute 93.18 percent of all the components 
and in the table this total is divided among them according to the 
ratios determined by the theoretical values. 














Unreversed Optical 
An Excitation 
Com- 
UPPER PO- dv 

ISOTOPE LEVEL NENT (cm™'!) Cautc. Expt. Carc. Expt. 

1 2 3 4 5 6 7 8 
201 5/2 a —0.394 6.84 6.3 1.59 1.69 
3/2 b +.270 4.56 4.2 .48 .54 
1/2 r +.668 2.28 2.1 .22 27 
199 1/2 A —.743 5.48 5.0 98 1.10 
3/2 B +.330 10.96 10.0 5.11 18 
196 198 Central 0 69.88 72.6 91.62 91.22 


200 202 204 (X's) 
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are very far from agreement with the experi- 
mental results and are interesting only because 
they justify the previously assumed conditions 
of absorption. 


EXPERIMENTAL 


The resonance cell used was a straight quartz 
tube terminating in a curved horn. The straight 
portion was 20 cm long and 2.5 cm in diameter, 
the end toward the spectrograph being closed 
by a clear, polished, plane quartz window. The 
cell was connected to a mercury diffusion pump 
operating continuously during exposures. A small 
quantity of mercury was always present in the 
connecting tube which was kept at approxi- 
mately 25°C giving a vapor pressure in the cell 
of 0.00184 mm of mercury. The exciting source 
was a quartz glow tube about 12 mm in diameter 
and 50 cm long. The electrodes of this tube were 
large hollow cylinders of aluminum. It was 
operated with a current of 100 milliamperes 
from a 3000 volt transformer. At this current 
the tube did not become very hot even after 
prolonged running ; consequently the vapor pres- 
sure in the glow tube was low and the emitted 
line \2537 was narrow and easily absorbed. This 
type of glow tube emits relatively little of the 
other lines, as for example 44358. To increase 
the efficiency it was made in the form of a spiral 
of four turns, covering about 5.5 cm of the 
middle of the straight part of the resonance cell 
which was placed inside it with a clearance of 
2 mm. To increase the amount of light available 
for excitation a thin cylindrical reflector was 
wrapped around the quartz spiral. Since ozone 
absorbs 42537, strongly decreasing optical exci- 
tation, nitrogen was circulated continuously in 
the space between the resonance cell and the 
spiral during exposures. The results of observa- 
tions on this tube given in columns 5 of Tables 
III, IV and V, showed that the hyperfine struc- 
ture of the lines of the triplet emitted from 
this tube had very nearly the relative intensity 
distribution predicted by Schiiler and Keyston 
for the intensities of lines excited by electron 
impact, justifying this assumption made in the 
above calculations. 

Since the amount of 44358 furnished by the 
glow tube was comparatively small, when meas- 
uring the hyperfine structure of \5461 the radia- 
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tion from the glow tube was supplemented by 
that from a pair of U-shaped, 5-ampere glass 
arcs which were placed around the quartz spiral 
after removing the reflector. To keep the arcs 
cool and prevent self-absorption, these arcs were 
made with large mercury pool electrodes and 
cooled by a draft of air from an electric fan. 
Measurements showed that these glass arcs 
provided less than half the 44358 available for 
optical excitation. The energy distribution in the 
glass arcs varied slightly from the Schiiler and 
Keyston distribution, so that some slight di- 
vergences from the calculated values of the 
relative intensities in the optical excitation of 
45461 may be attributed to this fact. To avoid 
complications these arcs were not used when 
measuring the optical excitation of 44358 and 
44047. 

The measurement of the hyperfine structure 
of the lines was made by means of a glass 
Lummer plate 4.64 mm thick and 12.0 cm long 
mounted between the collimating lens and the 
prism of a glass spectrograph. In order to avoid 
blurring the pattern the temperature of the 
Lummer plate and spectrograph was kept con- 
stant to better than 0.01°C during the exposures 
by lagging the spectrograph with layers of felt 
and by enclosing the entire spectrograph except 
for the slit in an asbestos walled enclosure in which 
the temperature was controlled thermostati- 
cally to 0.01°C. During the summer cold water 
from a tank kept at a constant temperature by 
an electric refrigerator was pumped through the 
coils inside the enclosure. During cooler weather 
the temperature of the room was thermostatically 
controlled at a temperature somewhat lower 
than that of the enclosure. In order to prevent 
vibration, all fan and pump motors connected 
with the temperature control system were run 
as slowly as possible and the supports for the 
moving apparatus, the spectrograph and the 
table upon which it rested were insulated with 
sponge rubber. 

The lengths of exposure were from 5 minutes, 
when studying the structure from the glow tube, 
to 55 hours when studying the optical excitation. 
Eastman type G IV plates were used for \5461 
and Eastman 33 plates for \4358 and 4047. 
A fine grain developer was employed. Calibration 
marks were put on each photographic plate by 
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exposing it for a time equal to that used for the 
Lummer plate pattern in a second spectrograph 
on the slit of which was focused the image of a 
calibrated platinum step wedge. The wedge was 
illuminated with light from a glass mercury arc, 
the intensity of this source being varied as 
necessary by placing colored celluloid filters 
before the arc. The density measurements were 
made from records taken by a Moll micro- 
photometer. By means of the records and the 
calibration data, intensity-wavelength curves of 
the hyperfine structure patterns were con- 
structed. 

In each order on each plate used for calculation 
the shape of a typical component was determined 
from that of a strong well-resolved component. 
When it was possible, this component was 
selected from the exposure under consideration. 
If the exposure under examination was too weak 
or too strong to enable the shape of some well- 
resolved component to be determined accurately, 
a second exposure of suitable density was made 
on the same plate with the same exposure time 
to provide a suitable shape curve. Since the 
position of each component was accurately 
known, it was possible to build up a synthetic 
intensity distribution curve, adjusting the magni- 
tudes of the curves for each separate component 
until the best fit with the experimental intensity 
curve was obtained. The area under each 
component curve, measured with a planimeter, 
was taken as proportional to the intensity of 
that component. 

An estimate of the precision of such determi- 
nations was made by altering the intensity curve 
for any one component by a specific amount 
and readjusting the other components to obtain 
the best fit for the experimental curve. The 
estimated precision of the determination is of 
the order of 10 percent for strong moderately 
well-resolved components and 20 percent for 
weaker less well-resolved components. Since an 
exposure which gave the weak components a 
density suitable for measurement produced over- 
exposure of the strong ones, it was found best 
to determine the relative intensities of the very 
strong and very weak ones by first determining 
their intensities relative to that of a component 
of intermediate intensity by using several ex- 
posures. For example, component A in \5461 
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had a convenient intermediate intensity and 
was used as a reference component for that line. 
In the measurements of \5461 the comparison of 
strong and weak components was expedited by 
use of a silvered filter of known transmission. 
A thin layer of silver was chemically deposited 
on a cover glass, one-half of which was then 
wiped clear leaving a sharp edge. This filter was 
placed against the slit face with the edge of the 
silvering in the center of the slit and parallel to 
its edges. In this manner two Lummer plate 
spectra of different densities and the same 
exposure time were taken together. Knowing 
the relative amounts of light transmitted by the 
clear and by the silvered glass, comparisons 
could be made between the weak components in 
the dense spectrum and the strong components 
in the less dense spectrum, with the same 
calibration marks. 

In these measurements there was no appreci- 
able error due to the scattered light. To decrease 
the amount of light reflected from the sides of 
the absorption cell, the entire cell was blackened 
except for the space covered by the exciting 
quartz spiral and a small portion of the window 
at the end where the light passed out to the 
spectrograph, the slit of which was about 5 cm 
from the window. To test for scattered light, a 
soft glass tube which eliminated the optical 
excitation by cutting out 2537, was slipped 
between the resonance cell and the exciting 
quartz spiral. When this tube was in position, 
exposures made with the glow tube running 
showed no detectable blackening of the photo- 
graphic plate for exposure times equal to those 
used for photographing the optical excitation. 


RESULTS 


The results of the calculations and the corre- 
sponding measurements are summarized in 
Tables III, IV and V for the lines 45461, 44358 
and \4047. In each of these tables, in column 3 
are listed the components due to the isotopes 
listed in column 1. Column 2 gives the f number 
of the corresponding hyperfine 7°S, level, the 
upper level of the transitions involved ; column 4, 
the wave number separation of each component 
from the main component; column 5, the calcu- 
lated distribution of intensity among the compo- 
nents for an unreversed arc according to the 
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Schiller and Keyston scheme; and column 6, 
the corresponding experimentally determined 
values from the quartz glow tube used in these 
experiments. Column 7 gives the calculated 
values for the optical excitation under the 
conditions assumed above and column 8 the 
values experimentally determined. It should be 
noted that for each line the intensities are 
expressed as percentages of the total radiation 
of this line including all the components. 

A comparison of columns 5 and 6 shows that 
the energy distribution in the exciting source is 
sufficiently close to that given by Schiiler and 
Keyston to justify the use of their intensity 
distribution in the computation of the intensities 
in the optical excitation. All the values check 
within 10 percent except for component a in 
44358 which is 2.05 as given by Schiiler and 
Keyston and 2.4 as measured here. 

That the optical excitation observed agrees 
well with that calculated is seen from a com- 
parison of columns 7 and 8. The differences 
except in the case of f in 45461; c, e, g and B in 
44358; and 6 and ¢ in 4047 are within 10 
percent. In \4358 these components are so 
situated in the pattern and of such a size as to 
make their measurement somewhat less precise 
than the measurement of the other components. 
As for the components } and c of 44047, it may 
be noted that the measured values of the 
components due to isotope 201 are a little high 
in all three lines. These components, however, 
are the weakest and are less easily measured, 
partly due to the difficulty of estimating the 
continuous background in the Lummer plate 
spectrum. 

The results for 45461 should be somewhat more 
reliable than those for either 44358 or \4047. 
A larger number of measurements on more 
exposures were made for this line than for the 
other two and therefore a somewhat greater pre- 
cision was obtained. The measurement of \4358 
was also complicated by the overlapping of orders 
and the fact that many of the components of 
this line are of approximately the same intensity 
and unfavorably grouped in the structure. 

It should be noted that the components of 
the even isotopes of \5461 are combined in the 
actual measurement with component B from 
isotope 199 and components c and e from 201, 
as these are practically identical in wavelength 
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and, therefore, not separable. The values listed 
in the table were obtained from the total 
measured intensity of the central component 
which was divided in the proportions given by 
the calculations. 

The experimental results verify the interesting 
conclusion derived from the calculations that 
the central component is remarkably enhanced 
as compared with the other components, due to 
the fact that the sum of the concentrations of 
the even isotopes which account for the major 
part of the central component is so much larger 
than the concentration of the odd isotopes which 
account for the other components; this increase 
is from approximately 70 percent of the total 
radiation in the case of the unreversed arc to 
approximately 91.5 percent in the case of optical 
excitation. For short exposures only the central 
component appears in the optical excitation 
which probably accounts for the failure of 
Mrozowski and other earlier experimenters to 
observe the weaker lines. The intensities found 
by Collins for those of the weaker lines which 
he observed are not checked in this work. The 
enhancement of the central component in the 
optical excitation was observed by Pool and 
Simmons who found in \4047 the ratios of the 
intensities of components A, a and B+é to 
that of the central component in the optical 
excitation when divided by the corresponding 
ratios for the arc to be 2.9, 2.8 and 2.9, respec- 
tively; for the same components, this research 
gives 5.7, 4.6 and 3.1, respectively. These 
differences might arise from slight differences in 
the intensities in the exciting light. 

The close agreement between the calculated 
and the measured values of the intensities of the 
components of these lines in the optical excitation 
and a comparison of these with measurements on 
the radiation from the unreversed arc gives an 
independent check on the correctness of the 
Schiiler and Keyston scheme. Since the relative 
decrease in the intensities in the former type of 
spectra with respect to the latter depends both 
upon the isotope concentration and upon the 
multiplicities of the levels in each isotope, a 
comparison of the two types of spectra is in 
most cases sufficient to determine definitely 
which components belong to each of the isotopes 
and to which hyperfine structure level each 
should be attributed. 
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Hyperfine Structure in Silver 


Harry Hitt, Ryerson Physical Laboratory, University of Chicago 
(Received May 31, 1935) 


Twenty lines in the visible spectrum, \7688 in the infra- 
red, and the two resonance lines \3383 and 3281 were 
studied by means of a hollow cathode source and Fabry- 
Perot interferometers. All lines in the visible were found to 
be simple in agreement with the findings of other investiga- 
tors. \7688 was found to be a very broad line and lines 


43383 and A3281 were each found to be double with the 
weaker component on the longer wavelength side. Photo- 
graphic plates measured gave an average of 0.055 cm™ for 
the separation in \3383 and 0.056 cm™ in \3281. It is con- 
cluded that the doubling of these lines is due to a splitting 
of the 5.5 level because of nuclear spin which is probably 3/2. 





EVERAL attempts have been made recently 
to find hyperfine structure in the spectrum 
of silver. Frisch,' using a Schiiler hollow cathode 
source and the fourth order of a large concave 
grating, found no indication of hyperfine struc- 
ture in the resonance lines. Shenstone? stated that 
silver shows no hyperfine structure. Mohammad 
and Sharma’ used the Mohammad vacuum tube 
source with a Wehnelt oxy-cathode of platinum 
and an anode of silver. They used thermionic 
currents of from 1.5 to 2.5 amperes thinking that 
it was necessary to melt the silver. By means of a 
Lummer-Gehrke plate, they studied eighteen 
lines of the silver spectrum, and found all of 
them simple except the resonance lines. In each 
of these they got three components, two about 
equally intense and a third, on the short wave- 
length side, much weaker. They believed the 5S 
level of silver to be a triplet with term separa- 
tions of 0.218 cm and 0.166 cm™. 

Williams and Middleton‘ used a _ liquid-air 
cooled hollow cathode source and a reflection 
echelon. In order to avoid the reversal that was 
supposed to have given the two intense com- 
ponents in the results of Mohammad and 
Sharma, their hollow cathode was made of 95 
percent cadmium and 5 percent silver. Jackson’s® 
source consisted of silver chloride in the capillary 
portion of a fused silica tube containing neon at 
a pressure of 0.5 mm Hg. He also used a reflection 
echelon. After calculating line widths he con- 
cluded that any separation in the resonance lines 
must be less than 0.07 cm™ and that any 

1R. Frisch, Zeits. f. Physik 71, 89 (1931). 

2 A. G. Shenstone, Phys. Rev. 37, 1023 (1931). 

?W. Mohammad and C. Sharma, Ind. J. Phys. 6, 75 
(1931 and 1932). 

*W. E. Williams and A. Middleton, Nature 131, 692 


(1933). 
°D. A. Jackson, Nature 131, 691 (1933). 


separation in the other lines must be less than 
0.04 cm~'. Tolansky® used a water-cooled hollow 
cathode with fairly low currents and a silvered 
Fabry-Perot interferometer to study lines in the 
visible and infrared parts of the silver spectrum. 
He used interferometer spacings up to 25 mm 
and found all the lines studied to be simple, 
however, he mentioned in a note in his paper 
that \7688 was broadened and that a narrow 
doubling due to the term 6s*S, was suspected. 
He believed Williams’ plates to show that any 
doubling in the resonance lines is less than 
0.05 cm7. 

Before the papers mentioned in the preceding 
paragraph were published work was started on 
the spectrum of silver at Ryerson Laboratory. 
This was continued in order to see if sufficient 
resolution could be obtained to detect any 
structure in the 5S, 6S or possibly the P terms. 
The first source used was a simple uncooled 
graphite hollow cathode 8 cm long and 1.5 cm 
in diameter, in helium at a pressure of 3 mm Hg 
with current supplied by a 2000-volt d.c. gen- 
erator. A small amount of metallic silver was 
placed inside the cathode. Exposures were made 
from the first to the fifth orders inclusive in the 
visible and near ultraviolet, on a 21-foot grating 
with 15,000 rulings to the inch. Currents first 
used were of the order of one ampere. All lines 
studied appeared to be simple except the reso- 
nance lines which showed reversals faintly on 
third order plates and quite strongly on plates of 
the fifth order. Another set of exposures made 
with the current reduced to 0.5 ampere showed no 
reversals and no structure in the fifth order. 
Eastman Process plates were used for exposures 
to the resonance lines. 


6S. Tolansky, Proc. Phys. Soc. London 45, 559 (1933). 
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Later a larger water-cooled hollow cathode was 
substituted for the uncooled one. This consisted 
of a very thin graphite tube inserted tightly 
inside a thick-walled, cylindrical aluminum block 
that was cooled by water flowing through copper 
tubing around it. The anode was a _ nickel 
cylinder three inches long and one inch in 
diameter. The cathode was placed at the center 
of a three-liter flask and the anode in a side tube 
sealed on to the flask. The helium used was 
purified by allowing it to flow slowly through a 
charcoal trap in liquid nitrogen into a reservoir 
on the apparatus. Then what was used in the 
discharge tube was circulated through another 
flask where magnesium was vaporized by a 
heating coil. A large Fabry-Perot interferometer 
with silver surfaces on glass constituted the 
dispersive apparatus and this was mounted 
between the collimator and prism of a large 
aperture prism spectrograph. 

Exposures were made with interferometer 
plate separations ranging from 3.5 mm to 45 mm, 
with currents of 1 ampere, 0.7 ampere and 0.46 
ampere. Twenty lines in the visible spectrum and 
one in the infrared were studied. These involved 
terms up to 8s°S;, 5p°P1,, and 7d?D2;. No 
structures were found. 

The green lines 45209 (5p?P,—5d?D,,), 45465 
(5p?P1,—5d?Dz,), and \5471 (5p?P1,—5d?D),) 
were studied very carefully. The most satis- 
factory exposures were obtained with an inter- 
ferometer separation of 25 mm and a current of 
0.46 ampere, but there was no indication of 
structure on the plates. Microphotometer traces 
were made of 45209 and 45465. The peaks in 
these traces were very symmetrical and showed 
no indications of structure. Hence it was to be 
concluded that if there is any structure in the 
P terms the line component separations due to 
it are entirely unresolved with the apparatus 
used. Number VI in Fig. 1 is an example of a 
trace of \5465. Ilford Soft Gradation Panchro- 
matic plates were used for photographing these 
lines. 

Many exposures were made of 7688 (5p°P, 
—6s?S,) at the currents given above with an 
interferometer separation of 25 mm in an 
attempt to show whether or not the broadening 
of this line is due to a doubling. Only the 
broadening mentioned in the note of Tolansky’s® 


paper was observed. Eastman type N_ plates 
were used in the study of this line. 

Preliminary work on the resonance lines was 
reported in a letter to The Physical Review.’ 
The same water-cooled hollow cathode source 
already described was used in the study of these 
lines but it was found that very low currents had 
to be used on account of self-reversals. The silver 
surfaced glass interferometer was replaced by 
one with quartz plates coated with aluminum 
by the evaporation process. This quartz-alumi- 
num etalon was used with a Zeiss spectrograph 
having quartz lenses and a quartz prism which 
gave very good dispersion in the region of the 


resonance lines of silver. These lines were sepa- 
rated by approximately 1.5 millimeters on the 
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Fic. 1. Microphotometer traces of fringe systems. I, 
ampere, showing both the reversal and the hfs compo- 
nents. III and IV, \3383 at 0.1 ampere but each from a 
45465 at 0.46 ampere, with \5471 showing faintly between 
the peaks of 45465. 
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3383 at 0.34 ampere, showing reversal. II, 43383 at 0.17 
different series of exposures. V, \3281 at 0.05 ampere. VI, 
7H. Hill, Phys. Rev. 46, 536 (1934). 
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plates. Etalon separators used were 32.5 mm, 
26 mm, 23 mm (more accurately 22.965), 15 mm 
and 10 mm. 

The first complete series of exposures was de- 
scribed in the letter referred to above. This 
series was made with the 23 mm spacer as the 
current was changed by small steps from 0.7 
ampere to 0.05 ampere. At 0.7 ampere both 
lines are much reversed and the wing of the re- 
versal on the longer wavelength side of each line 
is broader and more intense than the wing on 
the shorter wavelength side. The wings of the 
reversal of A3281) (5s°S;—5p?Pi,) are much 
farther apart than those of A3383 (5s°S,—5p?P;) 
at the same current, as might be explained by 
the larger J value of the P term of \3281, 
and the wing on the shorter wavelength side in 
one order is very near the wing on the longer 
wavelength side of the next lower order in the 
interferometer pattern. 

At 0.34 ampere the reversal of 43383 is much 
reduced and a hyperfine structure component 
begins to show on the longer wavelength side 
of the line. This reversal is shown by micro- 
photometer trace I in Fig. 1. Trace II shows 
that the reversal has practically disappeared at 
0.17 ampere and the component on the longer 
wavelength side is definitely visible on the 
original plate. Trace II] was made from an 
exposure at 0.1 ampere, and trace IV from 
another at about the same current in a later 
series. Traces II] and IV show broadening but no 
sign of reversal. These and other series of 
exposures show quite definitely that the weaker 
component on the longer wavelength side of each 
fringe appears as the reversal disappears. It is 
not possible to confuse the weaker component 
with the weaker wing of the reversal since they 
appear on opposite sides of the fringes. The 
presence of the weaker component is probably 
the cause of the great lack of symmetry in the 
reversal. After the preliminary results were re- 
ported by letter, many other exposures were 
made with different currents and different helium 
pressures. Best results were always obtained 
with the 23 mm separator. 

At 0.34 ampere 3281 has about the same 
appearance as 3383 at 0.7 ampere. At 0.17 
ampere it is about the same as A3383 at 0.34 
ampere. At 0.1 ampere it is comparable to 
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Fic. 2. 1. shows HFS of A3281. 2. shows HFS of A3383. 


A3383 at 0.17 ampere. Microphotometer trace V 
of A3281 was made from a plate of a later series 
exposed at a current of 0.05 ampere. The com- 
ponent is shown in approximately the same 
manner as that shown by A3383 exposed at a 
current of 0.1 ampere or lower. The intensity at 
this current is naturally quite low. 

The reversals did not disappear at the same 
currents when the helium pressure was changed. 
In one current-series of exposures when the 
pressure was reduced to about half of that used 
at first, one wing of the reversal of 43281 over- 
lapped the other wing in the next lower order 
and the appearance was that of an unreversed 
line. Good reversals of both lines were obtained 
at 0.25 ampere, and that of A3281_ persisted 
down to a current of approximately 0.1 ampere, 
however, it was not determined in this case 
whether or not the cooling of the cathode was 
the same as it had been in the first series of 
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Tabie 1. Line component separations, 
A3383 A\3281 
0.053 cm ! 0.057 cm ! 
0.056 0.055 
0.056 0.053 
0.057 0.058 
0.052 0.056 
0.052 - 
0.054 0.056 cm! Average. 
0.053 
0.058 


0.055 cm! Average. 


exposures described. The time of exposures 
ranged from 20 minutes to four hours. 

lor the preliminary results comparator meas- 
urements were made of four different plates of 
A3383 and two different A3281. Later 
measurements were made of nine additional 
plates of A3383 and five of A\3281, and separations 
calculated according to the methods outlined by 
Tolansky*> and Ritschl." These measurements 


which were made more carefully than the first 


ones of 


gave values somewhat lower than the approxi- 
mate values given in the letter. The maximum 
number of orders measured on any one plate 
was 35 and the minimum number 12. Table I 
shows these data. 

Finally another series of exposures was run 
repeating results obtained with the different 
etalon spacers available. The two components 
were observed with the 32.5 mm and the 26 mm 
spacers but these spacers were not very stable 
and no good exposures were obtained. Good 
exposures were obtained with the 15 mm and 
the 10 mm spacers. The components of A3383 
are still quite well resolved at an etalon separa- 
tion of 15 mm, but the resolution of 3281 is 
hardly detectable. At 10 mm separation 3383 
only indicates a double line while \3281 appears 
to be unresolved. It is evident that smaller etalon 
separations yield patterns not sufficiently re- 
solved, while larger ones spread the components 
so far apart that the orders overlap sufficiently 
to mask the true effect. These facts may account 
for the failure of earlier investigators to obtain 
the true doubling of the lines. 

These results differ from those of Mohammad 
and Sharma who used such high currents that 


°S. Tolansky, J. Sci. Inst. 8, 223 (1931). 
* R.Ritschl, Zeits. f. Physik 79, 3 (1932). 


reversals of the lines were certainly present but 
they are not inconsistent with the conclusions of 
Tolansky and Jackson concerning the upper 
limit for structure. 

Since no structure was found in the green 
lines which involve the P and D terms, and it 
was found in the resonance lines involving the S 
and P terms, the conclusion that the effect is 
due to a splitting of the 58 term seems to be 
justified. It could also be concluded that the 
broadening of A7688 is due to a splitting in the 
6S term. The fact that the doubling effect 
shows only in the 58 term and not in the P 
terms indicates that it is due to a nuclear spin 
and not to an isotope shift. Silver has two 
isotopes, 87 and 89, about equally abundant. 
Tolansky" considered that the mass isotope shift 
would be too small to be observed and need not 
come into consideration. If the separation is due 
to a nuclear spin it would be expected that the 
separation of the 6S level is smaller than that 
of the 58 level, and that separations in the P 
terms are very small compared to the separation 
in the 58 level in agreement with the observed 
results. Since the separation in the 58 level is 
small, resolution of the smaller P term separa- 
tions cannot be expected with our present re- 
solving power. The higher J value of the P term 
of 43281 leads one to expect more broadening 
of the two components of this line than of the 
two components of A3383 also in agreement with 
observed results. Resolution of the two com- 
ponents of \3281 was more difficult to secure 
than the resolution of the two components of 
\5383. The above conclusions have to rest on 
the assumption that the observed hyperfine 
structure is due to a superposition of nearly 
identical patterns belonging to the two isotopes 
of silver. 

A few attempts were made toward measuring 
intensity ratios of the components of the silver 
resonance lines but the difficulties are at present 
too great to warrant a very definite conclusion. 
Many calibrations of the Eastman Process plates 
were made following approximately the method 
used by Granath and Van Atta!’ in their work 
on the resonance lines of sodium. The etalon was 


removed from the apparatus, the collimator slit 


LL. P. Granath and C. M. Van Atta, Phys. Rev. 44, 
935 (1933). 
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was made wider and a series of exposures at 
different times made on the same plate. Micro- 
photometer traces of these were run on the same 
paper with traces of corresponding interferometer 
patterns, but the plate calibrations in the case 
of silver were only used in selecting the peaks of 
the traces to be analyzed. The greater lack of 
resolution in the microphotometer traces of the 
silver lines made the analysis of the peaks more 
difficult than the example shown by Granath 
and Van Atta for sodium. The resolution of the 
silver resonance lines obtained to date does not 
justify making such corrections as are men- 
tioned by Tolansky and Heard" in their work 
on the fine structure multiplet of As II. The in- 
tensity calibrations and the microphotometer 
traces showed that possibly the fourth to eighth 
fringes inclusive might give approximately the 
intensity ratio of the two components of \3383. 


11S. Tolansky and I. F. Heard, Proc. Roy. Soc. A146, 818 
(1934). 
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Traces of 43281, taken from exposures of very 
low intensity due to the very low currents that 
had to be used, showed too much variation and 
hence were not measured. Traces from seven 
plates of \3383 were measured giving the follow- 
ing averages: 1.87, 1.54, 1.80, 1.85, 1.64, 1.76, 
1.72; with a general average of 1.74. This 
average lies between 3, the theoretical value for 
the intensity ratio when I is } (if it is supposed 
that the spectral line has only two components, 
in this case originating from the 2S lower level), 
and 1.67 the theoretical value when I is 3/2. 
If the structure is due to a spin, and half integral 
values only are to be considered because the 
mass numbers of both isotopes are odd, then 1.74 
suggests that the nuclear spin of silver is 3/2. 

The writer wishes to acknowledge the interest 
and assistance of Professor George S. Monk who 
suggested the problem, and under whose direc- 
tion the work was done. It is also a pleasure to 
thank Professor Carl Eckart and Professor R. S. 
Mulliken for helpful advice. 
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The Electro-Optical Kerr Effect in Ammonia, Nitrogen and Oxygen 
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Absolute values for the Kerr constant in anhydrous ammonia, nitrogen and oxygen have been 
determined. Measurements in NH; were made at wavelengths of 6500A and 5750A, pressures 
from 13 to 30 atmospheres, and temperatures from 40° to 80°C. In N, and O, the wavelength 
used was 6500A, pressures in the neighborhood of 100 atmospheres and temperatures from 20° 


to 65°C. The absolute value for the Kerr constant reduced to N. P. T. 


and 6500A is for NH; 


(62.3+1.8)10-", for Nz (4.64+0.10)10~" and O, (6.94 +0.30)10™", 


INTRODUCTION 


HEN certain isotropic substances are 

placed in an electric field they acquire the 
optical properties of a uniaxial crystal with the 
optic axis in the direction of the electric field. 
The law governing this phenomenon, first de- 
termined by Kerr, states that the phase difference 
D, in radians, between the two components of 
the light beam is given by 


D=2rl(n,—n,)/A= 27BlE’, (1) 


where n, and n, are the refractive indices corre- 
sponding to electric vectors parallel and _ per- 
pendicular to the electric field, respectively, / the 
length of the light path through the electric 
field, \ the wavelength, E the field strength in 
e.s.u., and B the so-called Kerr constant. 

If plane polarized light is passed through the 
field, the electric vector making an angle of 45° 
with the direction of the field, the relation be- 
tween the intensities of the components is 
given by 
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D=2arce sin (J,/Io)}. (2) 


Here J, is the total intensity of the light passing 
through the Kerr cell and /; the intensity of the 
Kerr beam which, when the polarizer and 
analyzer are parallel, will appear only when the 
electric field is applied. 

A combination of (1) and (2) gives 


B= (1/nlE?)(1;./Io)!. (3) 


This is the equation used to determine B from 
the quantities measured in this experiment. 
Here the argument is set equal to the arc sine, 
but since D is small in these experiments, the 
error introduced is negligible. 

From the Langevin-Born theory of the Kerr 
effect’? the Kerr constant B for a nonpolar gas 
such as oxygen or nitrogen is given by 


B=[(n?—1)(m?+2)(e+2)?/md]-Ci/T (4) 
and for a polar gas such as ammonia, 


B=[(n?—1)(m?+2)(€+2)?/md] 
& (C1/T+C2/T?). (5) 


Here n is the index of refraction, « the dielectric 





[(m.2—1) + (me2—1) [m2 +n? +1 JLet+e+1}? 
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constant, A the wavelength, and C; and (2 con- 
stants independent of density, temperature and 
wavelength. These equations have been tested 
experimentally and found to hold for gases; they 
are used to reduce the value of B measured at 
any particular density, temperature and wave- 
length to that at N. P. T. and the desired 
wavelength. Quantum-mechanical treatment by 
Serber* merely adds a correction term which 
becomes appreciable only in the ultraviolet. 

Ammonia and nitrogen were measured directly 
but fire hazard prevented doing this with oxygen. 
Instead the Kerr constant of a mixture of 
nitrogen and oxygen was measured and the Kerr 
constant for oxygen determined from this and 
the known value for nitrogen. The relation used 
in determining the value for oxygen is obtained 
as follows. For constant temperature and wave- 
length Eq. (4) reduces to 


B= (n?—1)(m?+2)(e+2)°C/n, (6) 


where C is another constant. Now (e—1) and 
(n?—1) and, to a sufficient degree of accuracy 
for our purposes, (”—1) are additive in a mixture 
of nitrogen and oxygen. Hence for the mixture 


Cm (7) 





n= 


ny+ne—1 


Here the subscripts 1, 2 and m distinguish the 
properties of the first and second gases and 
the mixture. (7) can be rewritten 


Sc tenn lied 


‘ 








3,.= (n\?—1 Um 
ni+n2—1 
(8) 
(127+ me?+1)(e1. +6241)? 
+ (n2*—1) Cis 
ni+n2—1 


Setting the first half of the right-hand member 
equal to a new constant B,’ and dividing by 
the value for B, given by (6) gives 


mi(my+n2+1)(€1+ €2+1)?Cm 





B/=B 


"(y+ a—1)(012+2)(€1+2)?Cr 


1 Langevin, Le radium 7, 249 (1910); Born, Ann. d. 
Physik 55, 177 (1918). . . 

* For a résumé of the derivation of this theory see Beams, 
Rev. Mod. Phys. 4, 133 (1932), or Stuart, Molekulstruktur 
(Julius Springer, 1934). 





A similar expression can be written for By»’. 
Substituting in (8) gives 
Bn= By +By’. (10) 
The value for C obtained from the theory of 
the Kerr effect? is 
(e—1)(m—1) 


C= . ’ (11) 
36rNkTXM(n?2—1) 6-74 





Here N is the number of molecules per cc, & is 
Boltzmann’s constant, A is the light scattering 
coefficient and ¢« and m are values of the dielectric 
constant and refractive index at N. P. T. How- 
ever, all that is necessary for calculation is the 
ratio of C; to C2. This is given by 


Cy Ai(e,—1)(m,—1) (me? —1)(6—7 Ae) 


——= ) 


Ce Ao(e2—1)(m2—1)(m2—1)(6—74,) 





3 Serber, Phys. Rev. 43, 1011 (1933). 
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TABLE I. Kerr constant in ammonia. 











1 2 3 4 5 . 
WAVE- B N.PT. AND 
PRESSURE TEMP. LENGTH FIELD STD. DEN. 6500A 
(ATMOs.) (°C) (A) (E.S.U.) ( X10!) ( X10!) 
137 40.8 5750 75.5 54.0 63.2 
13.6 41.1 5750 76.9 53.4 62.5 
22.0 59.8 5750 76.4 46.5 61.2 
21.8 61.1 5750 82.1 46.5 61.6 
32.2 81.0 5750 79.7 41.0 61.0 
30.6 79.7 5750 89.8 43.8 64.7 
13.5 41.4 6500 72.3 48.4 64.1 
13.7 39.7 6500 75.1 46.8 61.4 
14.3 60.5 6500 72.4 42.0 62.6 
22.2 60.7 6500 83.0 42.0 62.8 
15.1 78.1 6500 72.4 38.1 63.0 
31.1 81.8 6500 94.5 36.9 62.4 


Mean 62.6 





Since C is a function of the molecular structure, 
it is safe to assume that 


C= fiCitfeCe, (13) 


where f,; and fz are the fractional number of 
molecules of the first and second gases in the 
mixture. This, then, provides a means of calcu- 
lating the ratios C,, C; and Cy,‘ Co. 

Since B,, is measured and B, is known, B,’ 
can be calculated from (9) and (12). Eq. (10) 
then gives B,’ and by using an equation similar 
to (9) Bs can be deduced. 


EXPERIMENTAL METHOD 


The experiments were performed using a 
method developed by Stevenson and Beams‘ 
and improved by Bruce® and Quarles.* The 
principal advantage of this method is that it 
permits the use of high gas pressures and higher 


TABLE II. Kerr constant in nitrogen. Wavelength =6500A. - 














1 2 3 4 4 
B N.P.T. AND 
PRESSURE Temp. FIELD STD. DEN. 6500A 
(ATMOS.,) (°C) (E.S.U.) ( X10!) ( * 10") 
106.6 20.1 360 4.22 4.53 
101.5 20.0 357 4.27 4.58 
108.1 45.0 344 3.95 4.60 
110.7 65.1 358 3.90 4.83 


Mean 4.64 








* Stevenson and Beams, Phys. Rev. 38, 133 (1931). 
> Bruce, Phys. Rev. 44, 689 (1933). 
® (Quarles, Phys. Rev. 46, 692 (1934). 


electric fields with a consequent increase in the 
magnitude of the effect. 

The apparatus used was essentially the same 
as that described by Bruce and Quarles. The only 
major change was the substitution of a more 
sensitive amplifier. 

The anhydrous ammonia was obtained by 
evaporation from a commercial tank of the 
liquid. Conductivity tests of the liquid indicated 
that it contained less than 0.01 percent water. 
The nitrogen and oxygen were taken from com- 
mercial cylinders of these gases. The manu- 
facturers’ analysis gave about 0.5 percent im- 
purities, mainly rare gases. A correction was 
made to the pressure for these. In all cases the 
Kerr cell was evacuated and dried before the 
gases to be measured were admitted. 


RESULTS 


The results of the measurements of the Kerr 
constant B in anhydrous ammonia are shown in 
Table I. The first four columns give the experi- 
mental conditions under which the measurements 
were made. The fifth column gives the Kerr 
constant at standard density but at the tempera- 
ture and wavelength of measurement computed 
with the aid of Eq. (5). This column then shows 
the variation of B with temperature for two 
wavelengths. The sixth column gives B reduced 
to its value at N. P. T. and 6500A again by the 
use of Eq. (5). The constancy of this column is 
a measure of the precision of the measurements 
and the reduction formulae. The variation of B 
with temperature is shown graphically in Fig. 1. 
The experimental points are shown by circles 
while the solid line is the theoretical curve 
plotted from Eq. (5). 


TABLE III. Kerr constant in oxygen. Wavelength = 6500A 








1 2 3 4 5 +7 
PRESSURE PRESSURE B N.P.T. AND 
NITROGEN MIXTURE Temp. FIELD STD. DEN. 6500A 
(ATMOS.) (ATMOS. ) (°C) (E.S.U.) ( X10") ( X10") 

43.1 106.5 20.1 334 6.52 7.00 
45.3 108.1 20.1 335 6.38 6.83 
67.3 109.7 20.1 333 6.21 6.67 
66.8 110.3 20.1 335 6.47 6.94 
51.3 107.1 44.9 334 6.10 7.10 
52.8 111.3 65.0 334 5.75 7.12 


Mean 6.94 
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Fic. 1. Temperature variation Kerr effect in ammonia. 


Table II shows the results of the measurements 
in nitrogen. The fourth and fifth columns were 
determined with the aid of Eq. (4). Since it has 
been well established that gases obey the 
Langevin-Born theory, effort was concentrated 
on determining absolute values of the Kerr 
constant rather than its variation with density, 
temperature, etc. To this end measurements 
were made under only a few different conditions, 
but a large number of readings were taken at 
each point. 

The value for the Kerr constant of oxygen as 
determined from measurements in the nitrogen- 
oxygen mixtures is shown in Table III. B for 
oxygen was determined as previously described 
and the results reduced to N. P. T. using Eq. (4). 
The density of the individual gases in the mixture 
was computed with the aid of the Beattie- 
Bridgman equation of state using a linear com- 
bination of constants as described by Beattie 
and Ikehara.’ 

Values of the index of refraction for these 
calculations were determined with the aid of the 
Lorentz-Lorenz relation which, Occhialini® has 
shown, holds with sufficient accuracy for these 
experiments. Zahn® has measured the variation 
of (e—1) with temperature and density for 
ammonia and shows that it follows Debye’s 
equation, (e—1) v7 =AT+B. Debye’s equation 
with Zahn’s experimental values for A and B 


7 Beattie and Ikehara, M. I. T. publications, Serial No. 
239. 

’Occhialini, Nuovo cimento (6) 8, 123 (1914). 

¥ Zahn, Phys. Rev. 27, 455 (1926). 
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Fic. 2. Temperature variation Kerr effect in nitrogen and 
oxygen. 


was used to calculate « for ammonia at the 
various points. 

Fig. 2 shows graphically the variation of B 
with temperature for nitrogen and oxygen. 
Again the circles are experimental points and 
the solid lines theoretical curves calculated this 
time from Eq. (4). 

The absolute value of the Kerr constant for 
these three gases at N. P. T. and 6500A is for 
ammonia (62.6+1.8)10-", for nitrogen (4.64 
+0.10)10-", and for oxygen (6.94+0.30)10-". 
Szivessy’® gives 59X10-" for B in ammonia at 
one atmosphere, 17.5°C and 5890A. Reduced to 
N. P. T. and 6500A this would be 64X10-™. 
Bruce,® from an indirect comparison with carbon 
dioxide, obtained 5.7 10-" for B in nitrogen at 
one atmosphere, 34.6°C and 4550A. This corre- 
sponds to 5.1X10-" at N. P. T. and 6500A. 
The author knows of no experimental value for B 
in oxygen. The theoretical value calculated on 
the basis of the Langevin-Born theory is 6.49 
x10-" at N. P. T. and 6500A. 
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The Production and Focusing of Intense Positive Ion Beams 


M. A. Tuve, O. DaHL anp L, R. Harstap, Department of Terrestrial Magnetism, Carnegie Institution of Washington 
(Received June 13, 1935) 


Based on a suggestion by Dr. F. L. Mohler, a high in- 
tensity source of positive ions utilizing a gaseous low volt- 
age arc constricted by a metal capillary has been developed. 
With 250 watts input and 10-cc gas flow per hour, this 
source delivers controllable positive ion currents up to 1.5 
milliamperes through a probe canal 1 mm in diameter. The 
focusing of weak and intense positive ion beams by various 
electrostatic lens arrangements has been empirically in- 


vestigated, giving additional data on quantitative design 
concerning the multiple section high voltage tubes long in 
use in the laboratory of the Department of Terrestrial 
Magnetism of the Carnegie Institution of Washington, and 
indicating the requirements met in delivering the total ion 
current from the source onto a target at the far end of 
such a tube. 





(A) INTRODUCTION 


E have described! the technique developed 
in the laboratory of the Department of 
Terrestrial Magnetism of the Carnegie Institu- 
tion of Washington for studies of nuclear trans- 
mutation, utilizing electrostatic generators and 
cascade type high voltage tubes. The focusing 
characteristics of multiple section high voltage 
tubes have been rather strikingly demonstrated, 
and in spite of the limitations of the low voltage 
arc ion source used in the experiments with a 
poorly aligned tube provisionally installed it has 
been possible to concentrate currents of 5 to 10 
microamperes of protons or deuterons (after 
magnetic analysis) on targets less than 1 cm in 
diameter for hours at a time. However, the 
ordinary type of ion source used here has given 
us a certain amount of trouble and inconvenience, 
and has been proved incapable of delivering 
more than 10 to 25 microamperes total ion 
current into the tube (frequently less) even with 
a comparatively high gas flow (deuterium con- 
sumption). Above 1000 kilovolts, currents of 
one to ten microamperes are ample or even 
excessive for the study of many transmutation 
problems, but for the study of relatively infre- 
quent processes, and especially for investigations 
at lower voltages, higher currents are necessary 
and a trouble-free ion source capable of delivering 
hundreds or even thousands of microamperes 
has been sought in various laboratories as well 
as here. A low voltage arc, such as used at this 
Department for nearly three years, can readily 
supply ion currents of some milliamperes to a 
'M. A. Tuve, L. R. Hafstad and O. Dahl, Phys. Rev. 
48, 315 (1935). 
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probe several cm? in area immersed in the plasma 
and, if the probe is a simple gauze or mesh or is 
perforated with a large hole, such currents can 
be projected into an apparatus for further 
acceleration or use.? However, if the current 
density to the probe is such that a hole 5 to 
10 mm in diameter is required to pass the 
desired ion current, not only are the pumping 
requirements formidable if a low pressure is to 
be maintained in the apparatus beyond the 
probe, but the gas consumption itself becomes 
so enormous as to prohibit the use of deuterium, 
and deuterium ions are perhaps the most im- 
portant of all bombarding particles for transmu- 
tation experiments. In the course of numerous 
tests here a new type of low power ion source 
has been evolved, delivering large ion currents 
with very modest gas consumption as described 
below (section B). 

The production of an intense stream of ions is 
only half the task, however. The problem of 
concentrating the ions into a beam and then 
preventing this beam from diverging unduly 
between the source and the target or other point 
where the ions are utilized, is of equal impor- 
tance. Especially at high current densities (many 
milliamperes per cm*) space-charge effects in- 
fluence the beam, as well as the aberrations of 
the simple electrostatic lenses ordinarily used 
for this purpose; both factors constitute limita- 
tions requiring empirical study. In our experi- 
ence at this Department with several multiple 
section high voltage tubes of very dissimilar 
design we have consistently obtained at the 


?E. S. Lamar and O. Luhr, Phys. Rev. 46, 87 (1934); 
R. D. Fowler and G. E. Gibson, Phys. Rev. 46, 1075 (1934). 
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target, after a crude but obviously necessary 
adjustment of the available focusing parameters 
(adjustment of voltages on those tube sections 
through which the ion beam is traveling slowly), 
practically the entire ion current which enters 
the tube from the ion source. Workers in other 
laboratories, using high voltage tubes having 
similar cylindrical electrodes but with only one 
or two sections, have reported a much smaller 
effectiveness in focusing the ion beam entering 
the tube, most of which is lost before reaching 
the target. Bombardment of the walls of the 
tube by this “‘lost’’ portion of the initial ion 
current is undesirable for several reasons in 
addition to the simple loss of intensity at the 
focal spot. Before constructing a more permanent 
tube to replace the provisional one used, it 
appeared desirable to examine the relative im- 
portance of the numerous factors which deter- 
mine the focusing of an ion beam by a system 
of cylindrical electrodes, with particular reference 
to numerical magnitudes (voltage ratios, di- 
mensions, electrode designs) and to the extent 
to which space-charge effects and the aberrations 
of the electrostatic lenses are important in the 
focusing of large ion currents into small area 
beams without loss. A tendency toward poorer 
focusing had apparently been observed with our 
tubes at currents above 2 microamperes, and 
this tendency might be exceedingly important 
at currents of 100 to 1000 microamperes. Al- 
though a considerable amount of theoretical and 
experimental work has been done in recent years 
on the problems of ‘‘electron optics,’’ very little 
of the material is directly applicable to this ion 
focusing problem until experimentally tested, es- 
pecially because of space-charge effects ; further- 
more, the case of cylindrical electrodes has 
evidently not been treated in detail. Conse- 
quently an empirical study of the most important 
factors in tube design for proper focusing has 
been made as described in the latter part of 
this paper. 


(B) THe CAPILLARY Arc ION SOURCE 


Knowing of the difficulties experienced here 
due to ion source limitations, Dr. F. L. Mohler 
of the National Bureau of Standards kindly 
described to us last summer some preliminary 
experiments he had made with the ultimate 
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aim of studying the (H?+H?) reactions. In these 
experiments he had obtained very high current 
density to a negative probe inserted from one 
side into a low voltage (hot cathode) hydrogen 
arc in a quartz tube which was provided with a 
short constriction or capillary (5-mm diameter) 
at the location of the probe; high ion density, 
and hence high probe current density, evidently 
was obtained because of the high are current 
density in the constriction. With the help of 
Dr. C. M. Van Atta, temporarily a guest 
investigator in this laboratory, we developed* 
an ion source in the autumn of 1934 on this 
basis which provides positive ion currents of 
more than one milliampere, if desired, with 
modest power requirements and low gas con- 
sumption (small diameter probe canal). This 
source in fact gives such high ion current densities 
(certainly exceeding 200 milliamperes per cm?) 
that a major problem is to overcome the diver- 
gence of the beam arising in part from the mutual 
repulsion effects of space charge, tending to 
disperse the ions before and as they are acceler- 
ated to form a high speed beam. We had previ- 
ously anticipated and experienced such effects 
with ion densities of only a few microamperes 
per mm? at low voltages, and it is of importance 
in various applications to have empirical data 
on the extent to which space-charge effects and 
other causes of divergence can be prevented 
from limiting the formation of ion beams under 
specified conditions (voltages, distances, size and 
shape of electrodes). The limitation of a proton 
current, due to mutual repulsion effects, to a 
“theoretical maximum” of 10 milliamperes per 
square centimeter in the ideal case of plane paral- 
lel electrodes with a gradient of 10° volts/cm, 
mentioned‘ at the London Conference, thus 
appears to be greatly modified by the conditions 
in this source. 

In many applications, as well as in our own, 
it is impossible to utilize an ion source requiring 
many kilowatts of power—with its attendant 
necessity of artificial cooling—especially if large 
and bulky auxiliary apparatus such as a 50-kv 
rectifier set is essential to its operation. In these 


3M. A. Tuve, O. Dahl and C. M. Van Atta, Phys. Rev. 
46, 1027 (1934). 

4M. L. E. Oliphant, Int. Conf. Phys. London, 1934 1, 
144 (1935). 
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Fic. 1. Ion source with first focusing gap of high voltage tube. A—Tin solder; B—rock cement and glyptal or 
De Khotinsky cement; C—picein; D—De Khotinsky cement; E—Apiezon plasticene ‘“Q”’. 


respects and in its simplicity of control, the 
capillary are ion source has fortunately proved 
advantageous. 


(1) Construction 

The complete ion source as attached to the 
high voltage tube is shown in Figs. 1 and 2 in 
which the important features of the arc, probe 
and focusing electrodes are shown to scale. 
Referring to Fig. 2, the arc is confined by a steel 
capillary, bored out of the solid steel cylinder A, 
the arc capillary B (3.5-mm diameter, 18 mm 
long) joining the arc spaces containing the oxide- 
coated filament C and the steel anode D. A 
side volume E (diameter 5 mm) was bored out 
as shown for the diffusion of ions from the 
capillary arc to the probe, and the conical steel 
insert J serves to provide flat gas seal surfaces 
between the arc space and the evacuated high 
voltage tube. The steel probe F is mounted on 
the lavite® insulator K and is provided with a 
canal JJ, 1 mm in diameter by 4 mm long, 
through which the ion current (as well as gas 


® Finest grade unfired imported steatite, purchased from 
American Lava Corporation, 1420 Williams Street, 
Chattanooga, Tennessee. Insulators of any shape are 
readily fabricated from this material; they expand slightly 
on firing at about 1000°C for one hour. 


flow) passes into the evacuated high voltage 
tube. The steel ‘“‘button”’ G is inserted to act as 
a partial diaphragm at the lower end of the 
space FE. Introduction of this button diaphragm 
reduced the total current to the face of the 
probe F (including secondaries) by a factor of 
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4 or 5, and, evidently by causing a more favorable 
curvature of the space-charge sheath separating 
the negative probe from the arc plasma, it also 
served to concentrate the probe current on the 
canal //, increasing the current through the 
probe canal by a factor between 2 and 3 at 
various voltages. The ion stream projected 
through the probe canal // rapidly diverges 
(the initial ion paths, due to the space-charge 
sheath, are not parallel), and an initial “focusing 
gap”’ very near to the probe canal is incorporated 
as a part of the ion source, to deliver to the first 
section of the high voltage tube, in the form of 
an ion beam of the proper characteristics (speed, 
divergence, beam area) to suit the focusing- 
parameters of that tube section and those which 
follow, the total ion current which emerges from 
the probe canal. This initial “focusing gap” is 
formed by the cylindrical end of the probe and 
the cylindrical electrode L, which is held at a 
controlled direct-current potential of 2 to 15 kv 
—the correct voltage depending on the probe 
voltage and the focusing properties (voltage is 
the chief variable) of the first tube sections. 
The probe voltage (100 to 4000 volts, see 
Table I) is supplied, through the connection 
indicated by arrows in Figs. 1 and 2, by a 
filtered rectifier using type ’66 tubes, and the 
focus voltage (2 to 15 kv serves for all but the 
extremely high currents, see below) is supplied 
by a half-wave unit using a ZP-85 kenotron. 
Protective resistors (50,000 ohms) are essential 
in the probe and focus voltage leads to prevent 
“blowing out”’ the arc (possibly by oscillations). 
The ease of accurate control of the tube current 
(probe voltage) and spot focus (focus voltage) 
by autotransformers of the Variac® type is 
important enough to mention. The complete 
ion source is mounted on a large sylphon and 
provided with a double eccentric arrangement to 
make it possible to move the point-source of ions 
with respect to the lens system, thus providing 
an optical lever arrangement for moving the 
focal spot. 


(2) Operating characteristics 
The total power consumption of an ion source 
is an important factor in many applications; in 


*‘Supplied in three sizes by General Radio Company, 
Cambridge A, Massachusetts. 
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the range of currents covered by our tests the 
power required for this source is of the order of 
250 watts or less. The cooling-fins shown in 
Fig. 1 keep the temperature low enough for the 
wax seals without it, but we usually direct the 
breeze of a ‘“‘toy”’ electric fan on the source 
when in use. The arc readily operates on 110 
volts direct current, with an external resistor 
controlling the are current (0.2 to 2.0 amperes— 
usually 1.0); the voltage drop across the arc 
itself is about 55 volts, the ‘“‘floating’’ are body 
assuming a potential 22 to 30 volts above the 
filament, which is grounded. The filament power 
is appreciable, a 4-mm by 14-mm strip of 2-mil 
platinum drawing 16 amperes at 3 to 6 volts. 
The oxide coating’ of the filament requires 
occasional replacement, but lasts for more than 
a month of daily use with hydrogen. The power 
requirements for the probe and focus voltages 
are almost negligible (except for the losses in 
the rectifier units). The arc through the capillary 
can be struck by the application of a “leak 
tester’’ (spark coil) to the floating arc body; 
it will continue to run at a pressure somewhat 
lower than that required for striking. A self- 
striking auxiliary arc (0.2 ampere) to the steel 
arc body surrounding the filament will operate 
at a slightly lower pressure than will the main 
capillary arc, and it serves to restrike the latter 
arc, if it goes out for some cause (too low pres- 
sure, too high probe voltage), as soon as the cause 
is removed, except when extreme purity of the 
hydrogen makes the arc difficult to strike. This 
may be of importance in certain applications 
equiring intermittent bursts of ions. The aux- 
iliary arc reduces the ion current output of the 
source at the higher probe voltage values, how- 
ever, and should be omitted if maximum ion 
currents are desired. 

The actual pressure of the hydrogen in the 
arc and the rate of flow of gas through the probe 
canal have not been ascertained with precision. 
Crude records of the number of hours a 1-liter 
flask of gas will operate the source indicate a 
flow of about 10 cc per hour (normal pressure 
and temperature), allowing the use of deuterium 
without recovery at nominal cost. An Apiezon 

7The regular oxide mixture of the radio tube trade, 


purchased in liquid suspension from Callite Products 
Company, Union City, New Jersey, is used. 
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pumping-system with a speed (for air) of about 
30 liters per second maintains a pressure of 
about 210-° mm in the high voltage tube 
(Western Electric ionization gauge, type No. 
I)-79510, reads 6 to 10 microamperes at 20-ma 
emission) when the pressure in the arc is perhaps 
210-* (General Electric thermocouple vacuum 
gauge, catalog No. 3850264-Gl, with 50-ma 
heater-current, reads 90 to 60 microamperes at 
arc pressure and 200 microamperes for zero 
pressure). The arc appears to operate at lower 
pressures if the hydrogen in the arc space is not 
100 percent pure; this is usually insured by the 
gas evolution of the oxide-coated filament, but 
we have also introduced small amounts of air or 
helium into the hydrogen reservoir with appar- 
ently a similar result, although our experience 
with the older form of low voltage ion source 
used here for several years definitely shows that 
the introduction of small amounts of air with 
the hydrogen reduces the numbers of hydrogen- 
ions (of various kinds) by as much as a factor 
of 10. 


(3) Output ion currents 


The ion current output from the 1-mm by 
4-mm probe canal shown in Fig. 2 has been 
measured, as a function of probe voltage, arc 
current, pressure and other variables, by utilizing 
the cylindrical electrode LZ and all subsequent 
electrodes (larger diameter) as a very deep 
Faraday cage. Some effect of secondary electrons 
is obvious, but making the Faraday cage suc- 
cessively 45 volts plus and minus with respect 
to the probe shows that the usual equal potential 
measurement indicates approximately the true 
ion current, as indicated below. [ Note: The 
focus gap FL was shortened to 3.5 mm during 
most of these measurements, later left at about 
7 mm; these changes were of practically no 
effect on the focusing-characteristics of the gap. ] 
A typical series of measurements of the total 
ion current output from the probe canal is 
given in Table I. Many of the current values 
were duplicated within about 10 percent after 
focusing (by application of the proper potential 
to electrode L) into a similar Faraday cage 
beyond LZ and at its potential, a further indica- 
tion of the absence of very large secondary 
emission errors in the current measurements. 
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TABLE I. Total ion current output of probe canal as a 
function of probe voltage and arc current. (Arc pressure, 
100uA on thermo-gauge; hydrogen plus 10 percent air; 
auxiliary arc, 0.13 ampere.) 











ARC PROBE VOLTAGE 
CURRENT 700 1000 1500 2000 4000 7000 
(AMP.) (mA) (uA) (uA) (mA) (uA) (mA) 
0.25 50 75 82 70 52 40 
0.5 40 04 161 200 150 110 
1.0 19 50 157 290 450 410 
1.5 14 30 90 260 770 990 
2.0 12 22 58 170 750 1410 
2.5 si - ae 710 1600 








We have evidence indicating a secondary electron 
emission of from 100 percent to 500 percent of 
the ion current itself when a flat metal electrode 
is used to measure the current instead of a deep 
Faraday cage, a source of serious errors not 
always fully appreciated in work of this kind. 
The ratio of atomic to molecular ions is 
undoubtedly dependent on the hydrogen pres- 
sure, impurities and other operating factors, but 
in our experience with a great variety of low 
voltage arc arrangements used as ion sources 
we never have observed fewer than 50 percent, 
and never more than 90 percent atomic ions, 
the balance of the hydrogen ions being often 
largely triatomic. This source shows the same 
behavior.* [We have had occasion so far to make 
relatively few measurements of ion ratios with 
the capillary type source and these have not been 
made at the very highest currents, but there is no 
reason to suppose that the number of atomic ions 
should decrease with higher probe voltages. ] 
The exact ratio of atomic to molecular ions 


* Note added in proof: We have recently had opportunity 
to make more extended measurements on the ion varieties 
emitted by the capillary-arc source. With the probe-canal 
shown in Fig. 1 and using tank-hydrogen, only 20 to 30 
percent of the hydrogen ions are atomic; as with our 
other sources, the hydrogen ions constitute one-half to 
three-fourths of the total. With 2000 volts on the probe 
and 70 kilovolts on a single-section tube, typical currents 
in the separate spots after magnetic analysis are: Mass 1, 
22 microamperes; mass 2, 32 microamperes; mass 3, 36 
microamperes; mass 4, less than 0.1 microampere; masses 
16, 17 and 18, 36 microamperes; total (measured before 
entering the long analysis-chamber), 162 microamperes; 
sum of all measurable spots, 126 microamperes. The 
distances in this arrangement were known to be too great 
to prevent the loss of part of the ion current at this low 
tube-voltage before it reached the target, placed in a 
deep Faraday cage beyond the magnet. Ordinary tank- 
hydrogen gives a better proton-ratio than hydrogen 
diffused through palladium, or hydrogen mixed with air, 
helium or water vapor. By collision-dissociation of the 
molecular ions after attaining appreciable speeds, a longer 
probe-canal gives a better proton-ratio, although the total 
currents for a given probe-voltage are much reduced. 
Modifications should be possible to enhance this dissocia- 
tion effect. 
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TABLE II. Variability of output current—effects of 
secondary electrons. 





ARC =1 AMPERE Arc =2 AMPERES 
THERMO-GAUGE PRESSURE THERMO-GAUGE 
60nA 90uA PRESSURE, 9OpA 
No No AUX. No AUX. 
PROBE CAGE AUX. AUX. ARC, AUX. ARC, 
VOLTAGE VOLTAGE ARC ARC (0.3 AMP.) ARC (0.3 AMP.) 
(VOLTS) (VOLTS) (pA) (mA) (uA) (mA) (uA) 
100 100 1.5 
200 200 2.3 
500 500 7.2 
1000 1000 28 32 22 
2000 2000 230 250 250 155 230 
4000 4000 600 570 280 800 740 
€000 6000 680 590 210 1110 810 
6000 6045 ; 460 ‘ 940 ca 
6000 5955 . 850 1500 


coming from the source is of no importance in 
our experiments since magnetic analysis is used 
at the target, as it always should be if the variety 
of ion is of importance. If capture and _ loss 
phenomena take place after acceleration and 
before magnetic analysis, there will of course be 
an overlapping of ion varieties. Such capture 
processes occur only to a negligible extent in our 
high voltage tubes, as indicated by the lack of 
any ions at the target more readily deflected 
than the full speed protons. 

It is to be noted that an optimum value of 
arc current (for maximum output current) exists 
for each probe voltage, increasing with the 
latter, as indicated by the current values in bold 
face type. These current values do not duplicate 
exactly on different occasions with slightly 
changed conditions, but the extent of the varia- 
tion, as well as the effects of secondary electrons, 
may be seen by comparison with Table IT. 

The output currents do not appear to vary 
greatly with pressure over the working range of 
pressures used. The pressure is usually set at a 
value not much higher than is necessary to 
prevent extinction of the arc. Much larger 
output currents undoubtedly can be obtained, 
if desired, by increasing the size of the probe 
canal at the expense of increased gas consump- 
tion, or as indicated by Table I by increasing 
the arc current through the capillary and raising 
the probe voltage to its corresponding optimum 
value. 


(4) Dependence on configuration and other 
variables 


The effect of the auxiliary arc on the output 
current from the probe canal has been mentioned 
above, as well as the changes brought about by 
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Fic. 3. Right-angle capillary—ion source. 


the diaphragm button G ahead of the probe. 
Before the introduction of the latter, the position 
of the probe face was varied in steps from 1 mm 
inside the are capillary itself to its final position 
as shown in Fig. 2. Except for the fact that the 
arc was extinguished by probe voltages as low 
as 500 to 1000 volts, no great dependence on 
probe position was observed. The current to the 
probe face (4-mm diameter) was roughly con- 
stant at about 8 milliamperes for all probe 
voltages from 20 volts to extinction. The dia- 
phragm button G allowed much higher probe 
voltages to be applied without extinguishing 
the arc. The few brief tests which have been 
made with probe canals of diameters differing 
from the standard 1-mm diameter indicate that 
the output current increases somewhat more than 
in proportion to the area of the probe canal. 
It must be remembered that the gas flow 
increases with the cube of the diameter of this 
canal, however. The gas flow is inversely pro- 
portional to the length of the canal, but the 
dependence of the ion current on the canal 
length is a function of the probe voltage in 
question, probably on account of changes in 
curvature of the space-charge sheath, giving 
different degrees of divergence to the initial ion 
stream. For medium values of probe voltage it 
varies more rapidly than the inverse square of 
the length of the canal. This is a crude statement 
but may be of assistance in adapting this design 
to other conditions. For low probe voltages the 
“best” probe canal is a diaphragm in a thin 
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plate; for higher voltages the canal profitably 
can have appreciable length, thereby decreasing 
the gas flow without seriously decreasing the 
output current by loss to the sides of the canal. 

For reasons of convenience (removal of fila- 
ment) in a particular application we constructed 
a modified form of the capillary are source, 
differing from that of Fig. 1 by the fact that the 
arc was struck ‘‘around a corner’ as shown in 
Fig. 3. It was astonishing to discover that this 
source had characteristics rather widely different 
from those of the original design. Because of a 
slip, the side volume £ at first was bored out 
slightly off-center with respect to the arc capil- 
lary, which was 3.5 mm by 18 mm as before. 
When the arc required 75 volts and showed an 
anode drop (with respect to the capillary) equal 
to the former total arc voltage (50 volts) with 
the total probe current only 200 microamperes, 
it was thought that no arc was passing through 
the capillary. The latter consequently 
shortened to 9 mm with but slight effect. The 
arc capillary was then bored out to 6.5 mm 
diameter and centered with respect to the probe 
axis. With an are current of 1 ampere (low 
density because large capillary) a probe canal 
1 mm by 4+ mm as before gave an output current 
of only 38 microamperes at 2000 volts instead of 
about 230 microamperes with the source of Fig. 
1. The output current was found to show rather 
sharp maxima with increasing probe voltage and 
arc current, and even the optimum values were 
only about one-eighth of the normal output of 
the original source at a given voltage. The arc 
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TABLE III. Right-angle capillary arc: Dependence of 
probe canal output current on arc current and on probe 
voltage. 








PROBE CANAL, 0.51 By 9.5 MM 
THERMO-GAUGE PRESSURE, 70nA 


PROBE CANAL, 1 BY 4 MM 
THER MO-GAUGE PRESSURE, 754A 





PROBE ARC Output Arc PROBE OurTput 
VOLTAGE CURRENT CURRENT CURRENT VOLTAGE CURRENT 
(VOLTS) (AMP.) (mA) (AMP.) (VOLTs) (mA) 

2000 0.25 6 0.9 4000 il 
0.5 16 1.2 2000 5 

1.0 68 3000 16 

1.25 62 4000 21 

1.50 40 5000 12 

3.0 28 2.2 2000 4 

5.0 22 3000 9 

4000 28 

5000 50 








capillary was then plugged and rebored to a 
diameter of 3.5 mm and length of 10 mm, 
centered on the probe axis. The probe canal 
output current was raised by this to about one- 
third of the value for the straight capillary but 
it still showed a strong dependence on arc current 
and sharp maxima with the latter and with 
probe voltage, as indicated in Table ITI. 

Thus, although the behavior of the ion source 
of Fig. 1 has been consistent throughout months 
of use and a great variety of changes (exceeding 
30) of various associated parts, the behavior of 
the right-angle arc of Fig. 3 remains an inter- 
esting but unimportant mystery. It is described 
solely to indicate the extent of our recommenda- 
tions for changes in the source shown in Fig. 1 
on the basis of the few variations we have tried. 


(5) Tests of various electrostatic lens arrange- 
ments: The focus gap FL of the ion source 


On the assumption that it might be important, 
because of space charge and initial divergence of 
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Fic. 4. Electrostatic lenses adjacent to probe canal. 
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TABLE IV. Variation of current into Faraday cage with 
2000 volts in probe F and canal output 230 microamperes 
(case a of Fig. 4). 


FOCUS VOLTAGE CURRENT INTO 











ON FL (VOLTS) FARADAY CAGE (wA) 
4000 6 
6000 10.5 
7000 13.5 
8000 3.2 
10000 0.5 





the ion paths, to place a focusing lens as near as 
possible to the output end of the probe canal 
early tests were made of the arrangements shown 
in Figs. 4a and 40. As a test of the focusing, the 
currents were measured which passed into a long 
Faraday cage (50 cm long by 6 mm diameter) 
through a 5-mm hole in a diaphragm at the 
lower end of electrode L. For the first case (4a) 
this 5-mm hole was 20 cm below the are capillary 
(18 cm below the lens FL), and it was found that 
a peculiar ‘‘over-focusing effect’? occurred ; only 
5 percent of the total current could be passed as 
a beam through the hole. This was erroneously 
thought to be a space-charge effect leading to 
an ‘‘excluded’’ zone at a distance as large as 
20 cm, the ion paths switching sharply from 
“under-focused”” to ‘“‘over-focused’’ (crossing 
axis) at a value far below that (virtually) 
necessary for focusing. The 5-mm diaphragm 
was consequently moved nearer to the lens, to a 
position 14 cm below the capillary, and the 
larger lens 4b was tested. This was much better, 
although still delivering only about 35 percent 
of the ions into the cage, as shown in Table V. 

It is probable that both lenses per Fig. 4a 
and Fig. 40 failed to form good ion beams because 
their dimensions were comparable to the di- 
mensions of the incident divergent ion stream. 
The probe canal, as in all subsequent measure- 
ments, was 1 mm in diameter by 4+ mm long, 
thus permitting initial ion paths throughout a 
cone of rather large angle from an initial area 
1 mm in diameter. The aberrations of a simple 
lens for a beam as large as one-third its own 
diameter are probably large, but it is also 


TABLE V. Variation of current into Faraday cage 
(case b of Fig. 4). 








PROBE VOLTAGE CANAL OUTPUT CAGE CURRENT REQUIRED FOCUS 





(VOLTs) (uA) (uA) VOLTAGE (KV) 
2000 230 105 14 (max. available) 
1500 93 34 10-14 


1000 28 10 § 
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desirable (unless initial side components of 
velocity are negligible) for the lens to be far 
enough removed, from a source of finite area 
which emits ions in a variety of initial directions, 
to permit the ion paths to separate, so that those 
ion paths entering a given (circular) zone of the 
lens all make the same angle with the axis. 
When this condition is fulfilled, the requirements 
on the lens are obviously much less stringent. 

Adopting lens electrodes of still larger diam- 
eter, further removed from the ion emitting area 
(end of the probe canal), the arrangements c, d 
and e of Fig. 4 were tested. With the 5-mm 
diaphragm (into the Faraday cage) at the 
original distance of 20 cm, the lens 4c gave a 
fairly satisfactory beam, 11 kilovolts serving to 
focus through the 5-mm hole the total output 
of the probe canal at 2000 volts (230 micro- 
amperes). A wider gap (14 mm) required the 
application of a slightly higher voltage (15 
percent) before complete focusing was attained 
(at any given probe voltage) and with the narrow 
gap 4d (3 mm) a slightly (20 percent) lower 
voltage sufficed, but otherwise little variation 
with electrode spacing could be observed. The 
medium gap of 4c (7 mm) was chosen for further 
tests (this lens was adopted in the final arrange- 
ment as now used). 

It was observed that as the output current of 
the probe canal was increased by increasing the 
probe voltage, the voltage required on the lens FL 
to focus the ions in a beam through the 5-mm 
diaphragm was also higher. To determine 
whether this was in part due to increased mutual 
repulsion and consequent space-charge dispersion 
at the higher beam currents or simply to the 
increased ‘‘stiffness’’ of the beam (higher initial 
velocity of ions as they enter the lens) with 
increasing probe voltages, measurements were 
made of the focus voltages required to concen- 
trate the total output current from the probe 
canal through the 5-mm hole at 14 cm into the 


TABLE VI. Observations showing focus voltage proportion 
to voltage (energy) of incident ion beam. 








REQUIRED FOCUS FARADAY CAGE 


PROBE OUTPUT P 
VOLTAGE (KV) CURRENT (yA) 


VOLTAGE (VOLTS) CURRENTS (yA) 





100 1.5 1.0 1.4 
200 2.3 1.5 2.3 
350 4.5 2.5 4.3 
700 12 6.0 13.3 
1000 28 8.0 33 
1200 na 10 55 
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Fic. 5. Typical curves showing importance of initial 
ion beam ‘‘stifiness.” 


Faraday cage. Typical curves are shown in 
Fig. 5, and the results are summarized in Table 
VI. 

The approximate proportionality of the probe 
voltages and required focus voltages indicates 
the lack of space-charge effects and the impor- 
tance of the “‘stiffness’’ of the ion beam. 

Tests of the distances which the ion beam 
could be made to travel without undue dispersion 
were next inaugurated. The Faraday cage tests 
using the 5-mm diaphragm hole as well as 
corroborative tests with a fluorescent screen, 
showed that the lens 4c, at a distance from the 
probe canal as shown, was able to concentrate 
all of the ions from the probe canal (at least up 
to 350 microamperes) into a beam which would 
travel a distance of 20 cm without much dis- 
persion, most of the ions striking an area about 
2 mm in diameter when the focus voltage was 
correctly adjusted. A large (8-cm) fluorescent 


TABLE VII. Observaticns on focusing with single lens and 
) |85-cm target distance (case e of Fig. 4). 








REQUIRED FARADAY DIAMETER 





PROBE OvuTPUT FOCUS CAGE FOCAL 
VOLTAGE CURRENT VOLTAGE CURRENT SPOT 
(VOLTS) (mA) (KV) (uA) (MM) 
350 4.5 2.8 5 8 
500 7.2 3.9 9 7 
700 12 5.4 15 Diffuse > 10 
1000 | 


‘o focal spot—annular rings and background 


. 


> 1000, 





screen was installed at a distance of 85 cm from 
the arc capillary in a crude Faraday cage of 
wire mesh. When projected this distance through 
an equipotential cylinder extending to the cage 
and screen, the lens 4e gave a definite but rather 
large focal ‘“‘spot’’ for currents under 10 micro- 
amperes, but the beam spread over the whole 
screen with larger currents (higher voltages) as 
shown by Table VII. 

That this failure to give a good focal spot at 
higher currents would not be overcome to any 
large extent if the lens 4e had considerably less 
“curvature”’ and hence projected a higher speed 
beam toward the screen (coming to a focus at the 
same distance) was unintentionally determined 
by the introduction of a ‘‘negative lens”’ a short 
distance beyond the lens 4e. This came about 
in one experiment by neglecting to shield the 
beam at all points inside a cylinder at the focus 
voltage, a gap in this shielding permitting lines 
of force from the surrounding parts at zero 
potential to enter the cylinders and affect the 
beam as shown in Fig. 6. This lens combination 
required a much higher focus voltage (for a 
given probe voltage) but the spot became diffuse 
at similar currents under 10 microamperes. 
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Fic. 6. Accidental negative lens. 
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Fic. 7. Cylinder and plane—lens configurations. 


The conclusion was reached that either the 
aberrations of a simple lens having the dimen- 
sions (and position) of 4e were too great to 
permit concentrating an ion beam to a distance of 
85 cm without large dispersion, or else that this 
limitation was due to an insufficiently large ratio 
of the focus voltage to the probe voltage, per- 
mitting the side components introduced by 
curvature of the space-charge sheath in front 
of the probe to be too important. 

Before turning to multiple acceleration through 
a succession of lenses as a means for carrying a 
concentrated ion beam to considerable distances, 
a series of brief tests was made with lens elec- 
trodes of other types. The focusing effect of a 
cylinder and plane arrangement was tested as 
shown in Fig. 7a. This gave a greatly magnified 
and somewhat distorted image on the screen 
(X30 at probe 1500 volts, focus 10 kv, screen 
at 85 cm) of an annular 100-mesh ring used for 
the plane, the center of the screen remaining 
dark and the pattern moving outward and 
enlarging as the focus voltage was increased (or 
the probe voltage decreased). Blanking off half 
the mesh by a sheet of metal foil showed that 
the effect was due to a very strong ‘‘over- 
TABLE VIII. Observations on focusing with single lens and 


incidental negative lens (case of Fig. 6). 








REQUIRED FARADAY 


PROBE OUTPUT FOCUS CAGE DIAMETER FOCAL 





VOLTAGE CURRENT VOLTAGE CURRENT®* SPOT 
(VOLTS) (wA) (KV) (mA) (MM) 
100 1.5 » By 1.6 <10 
200 2.3 4.5 aa 10 
350 4.5 7 (7.8) Some background 
500 7.2 “he (14 ) Mostly background 
700 12 13 (28 ) No spot 





® Secondaries bad. 


focusing,’ the ions passing through the lens on 
one side of the beam crossing the axis on their 
way to the screen, and only a narrow (0.1-mm) 
annular ring or zone in the lens having the 
proper ‘‘focal length” for the screen at a given 
voltage. It was thought possible that control of 
the curvature of the lens zones might be effected 
by varying the gap between cylinder and plane 
as indicated by the equipotentials sketched in 
Fig. 7b. Installation of an electrode movable by 
rack and pinion as indicated in Fig. 7¢ showed 
that this was not the case, no focal spot whatever 
being obtainable with this arrangement on a 
screen at a distance of 140 cm, whereas the lens 
of Fig. 4e gave a spot 2 to 3 cm in diameter for 
currents up to 10 microamperes, even at this 
long distance. 

With the movable-electrode apparatus several 
other electrode arrangements were tested. Two 
modifications of the ‘“‘negative lens’’ were tested, 
as shown in Figs. 8a and 8); neither gave a satis- 
factory spot, although the much higher focus 
voltages required (22-kv focus for 1000-volt probe 
gave an annular spot 20 mm in diameter) permit- 
ted somewhat better definition at the expense of 
impracticable voltage requirements. The ar- 
rangement of two equal cylinders with variable 
spacing, shown in Fig. 8c, was similar to the 
standard lens in Fig. 4e and behaved similarly, 
giving a spot 20 to 30 mm in diameter without 
much background at currents under 10 micro- 
amperes but showing bad aberrations at higher 
currents (probe voltages). A spacing of 18 mm 
required 50 percent greater voltage for focusing 
than one of 14 mm, although the variation was 
less marked as the gap was decreased below this 
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Fic. 8. Negative and positive lenses 


to 1-mm spacing, the voltage required for focus- 
ing with the latter gap being only about 25 
percent than for the 14-mm gap. The 
arrangement of a cone and a movable electrode, 
shown in Fig. 8d, was similar in behavior to the 
cylinders of Fig. 7¢ when the cone-cylinder 
spacing exceeded 15 mm (the spot was very poor 
for smaller gaps), and required a somewhat lower 
voltage for the same focusing effect. 

Thus no simple arrangement of electrodes was 
found which might serve with applied voltages 
under 25 kv to project a well-concentrated ion 
beam to distances much greater than 20 cm, 
especially with beam currents exceeding a few 
microamperes. Consequently the lens of Fig. 4e 
was adopted for the ion source focus control and 
tests of the important factors governing the 
behavior of multiple lens arrangements were 
begun. 


less 


(C) Tne ELECTROSTATIC FOCUSING OF POSITIVE 
Ion BeEAMs IN HIGH VOLTAGE TUBES 


In a brief investigation undertaken for the 
practical purpose of obtaining numerical infor- 
mation on the major factors involved in cascade 
tvpe high voltage tube design, and which has 
proved a rational basis for a previously utilized 
empirical solution of the problem, which is not 
necessarily a unique solution, no attempt was 
made at completeness in the academic sense. In 


with electrodes of variable spacing. 


view of the scarcity (or absence) of information 
and data on this problem in the literature, 
however, it is thought that data on some of the 
rather poor electrode arrangements tested here 
may be of nearly as much interest as the simple 
specification of an electrode system which func- 
tions satisfactorily in a high voltage tube. Many 
discussions, largely innocent of experimental 
information, have been held regarding the de- 
sirability of one electrode arrangement or another 
for focusing of ion beams; these experiments 
outline certain features which are important and 
indicate the relative unimportance of others. 


(1) Focusing parameters 

Among the variables more or less subject to 
choice or specification in the problem of ion beam 
focusing, the following may be listed for discus- 
sion and empirical examination. 

(a) The e/m of the ions should be of no 
influence in the case of simple electrostatic 
focusing. If the ions have fallen through the 
same total potential-difference before entering 
the “‘lens,"’ electrons and heavy (negative) ions 
should describe the same paths, provided space 
charge can be neglected. This is a serious proviso 
however. With relatively slow moving ions and 
until data were obtained on high current densities 
at specified (low) voltages, no predictions could 
be made with confidence. It appears from our 
experiments that space-charge effects in the 
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ion beam itself as it travels are of less importance 
than the aberrations of the electrostatic lenses, 
which of course may be in part due to space- 
charge effects. If the latter is true, however, our 
experiments indicate that the lens aberrations 
are of practical importance even with the smaller 
ion currents. For distances of the order of 100 
cm and beam currents above 10 microamperes, 
mutual repulsion (space-charge) effects in the 
beam itself probably become important. 

(6) For the initial speed (voltage) of the ions 
entering the focusing field (electrostatic lens), 
the expected linear relationship between the 
initial voltage of the ions and the voltage 
required across a given lens to produce a given 
convergence of the beam is experimentally 
verified. The importance of lenses introduced 
where the beam is traveling slowly, and con- 
versely the difficulty of altering the divergence 
of a high speed beam, are obviously indicated, 
as is also the clear-cut necessity for controlling 
the initial speed or the applied voltage, or both, 
if a beam is to be rendered parallel or brought 
to a focus at a given distant point by a given lens. 

(c) The initial divergence of the ion stream 
affects its path through the lens and beyond 
and, unless the compensation by the lens is 
correctly adjusted for all angles of incident cones, 
we encounter the analog of spherical aberration. 
In this study we deal with ions of uniform energy 
emerging from a point, to be focused to a distant 
point; the analogs of chromatic aberration and 
off-axis astigmatism consequently are of no 
concern. 

(d) The total beam current becomes important 
if thereby the space charge becomes sufficiently 
high, as indicated above, altering the field of 
the lens system and spreading the beam along 
its path due to mutual repulsion of the ions. 
Space-charge effects from our experiments appear 
somewhat less important than other disturbing 
factors. 

(e) The beam area must not be too large, if 
serious aberrations are to be avoided, in com- 
parison with (f). 

(f) The dimensions of the lens (sizes of the 
electrodes) are important. 

(g) The distance from the ion source to the 
lens, implicitly involved in several items above, 
is important enough to mention explicitly. 
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(h) The distance from the lens to the target or 
to the next lens is also important. 

(1) The additive effects of multiple focusing 
gaps or lenses allow only a limited optical 
analogy, because of the change in speed or 
“stiffness”’ of the beam as it is accelerated by the 
successive lenses. In general, however, the divi- 
sion of the total voltage among a series of lenses 
placed at intervals along the total path of the 
beam probably results in much less aberration 
or spreading than is evidenced with a single lens 
using the same voltage and same path length. 
Our chief information on the behavior of multiple 
lens arrangements has come from our experience 
with cascade tubes, described in the paper on 
our high voltage technique. 

(j) The quantitative characteristics of various 
types and sizes of electrodes used for the lenses 
are of importance in problems of design. The 
actual voltages required with given electrodes to 
accomplish a desired focusing of a given ion 
current are of interest, as well as data concerning 
the importance of shape and dimensions of 
various possible electrode arrangements. We 
have examined to some extent each of the 
following electrode types: 


(1) Equal cylinders—small, medium, large diameter; 
variable spacing (gap). 

(2) Unequal cylinders—beam progressing from small 
diameter cylinder into large diameter cylinder and vice 
versa. 

(3) Cone and cylinder, with variable spacing. 

(4) Cone and plane (gauze), with variable spacing. 

(5) Cylinder and plane (gauze), with variable spacing. 


Our results may be summarized by the state- 
ment that if the ion source of Fig. 1 is attached 
as shown to the first lens (electrode gap) of a 
cascade type high voltage tube having additional 
sections exactly the same as the first, spaced 
not more than 40 or 50 cm apart and carrying 
100 to 125 kv each at full voltage, with a beam 
travel beyond the final lens not exceeding 1 
meter per 100 total kilovolts, then with proper 
adjustment of voltages on the lenses practically 
all of the ion current output of the source will 
be concentrated by the tube in an excellent focal 
spot not more than 2 or 3 mm in diameter.* 

* Note added in proof: The short Isolantite insulators 
shown in Fig. 1 were used for spacing the tube-gap in 


these focusing tests only and will tail if the proportions 
shown are duplicated in a multiple-section tube for high 
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Currents as high as 1.0 milliampere from the 
capillary arc ion source have been concentrated 
on a 3-mm focal spot with a two-section tube 
having an applied voltage of 110 kv. Multiple- 
section tubes have been used at higher voltages 
but only for small currents. 


(2) Characteristics of individual lenses 


Although our use of such tubes in transmutation 
experiments for more than two years had amply 
demonstrated that simple cascade type tubes 
having 4-inch diameter cylindrical electrodes 
separated by gaps of 2 inches, each section being 
103 inches in total length, gave excellent focusing, 
and the recently developed capillary arc ion 
source with its focusing lens provided a highly 
satisfactory means for introducing an ion stream 
under control into such a tube, it appeared 
desirable to have further information for pur- 
poses of design. For example, information is 
needed concerning the properties of large and 
small diameter electrodes, of re-entrant elec- 
trodes (possibly desirable from the standpoint 
of shielding), on the effect of electrode spacing, 
and on the importance of target distance at low 
voltages and at high beam currents. 

(a) Large diameter equal cylinders, narrow 
spacing. Tests were first made of the arrangement 
shown in Fig. 9a with the first ‘‘tube lens’ at 
40 cm from the arc capillary and a fluorescent 
screen (in a very crude Faraday cage) at a 
distance of 1 meter (from the arc). This lens 
was formed by two 4-inch cylinders separated 
3/8 inch. It was immediately found that this 
arrangement gave an excellent (2- or 3-mm) 
focal spot on the screen provided the voltage on 
the tube lens was sufficient to prevent dispersion 
of the ion beam. With a good focal spot the 
whole of the ion current from the probe canal 
was concentrated on the screen. The probe 
voltage was found to have little or no eflect on 
the focusing, the latter being controlled, with a 
fixed voltage across the tube lens, by the voltage 


voltages, aue to the “cascading effect.’’ The latter causes 
very high transient voltages to be impressed on subsequent 
sections if a tube-flash starts in one section. Such transients 
have extremely steep wave fronts. The electrodes of our 
multiple-section tubes are supported by the glass tube 
itself, with the metal parts so disposed as to prevent 
unduly high electric fields at metal surfaces adjacent to 
the glass, in spite of its high dielectric constant, and with 
spark-over in air between the tube-shields providing a 
“by-pass” of low impulse-ratio. 


across the lens FL of the ion source. The probe 
voltage consequently served to vary the beam 
current without appreciably changing the focus- 
ing. Tests were carried only to 2000 volts on the 
probe as another rectifier unit was not available. 
The data of Table IX show the behavior of this 
combination. 

With the screen at the same distance (1 meter 
from arc capillary) an identical lens (4-inch 
diameter, 3/8-inch gap) was tried at a distance 
of 60 cm from the source as shown in Fig. 90. 
This lens required the same focus voltages as 
the source lens FL and gave similar red hot 
focal spots (probably due to incandescent carbon 
from the material used for mounting the fluo- 
rescent salts) but the accompanying ‘‘back- 
ground”’ was distinctly worse. In further tests 
the original lens at 40 cm was used with the 
fluorescent screen removed to a distance of 3 
meters in the tube. With no voltage on the tube 
lens a spot 20 to 30 mm in diameter was obtained 
with 500 volts on the probe (7 microamperes) 
and 4.5 kv on the source lens FL; but upon 
raising the probe voltage to 1000 volts the 
‘““‘background”’ covered the whole screen and the 
“spot’’ decreased to the same intensity level. 
Application of 33 kv to the tube lens with a 
probe voltage of 1500 and 7.6 kilovolts on FL 


TABLE IX. Observations on focusing with ion source lens 
and one tube lens (case a cf Fig. 9). [Tube lens, 4-inch elec- 
trodes, 3/8-inch spacing; tube pressure 12uA (ionization- 
gauge). | 
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CURRENT Requirep Farapay DIAMETER OF 
TUBE LENS Prose FROM FOCUS CAGE FOCAL SPOT 
VOLTAGE VOLTAGE PROBE VOLTAGE CURRENT AND RING 
(KV) (VOLTS) (pA) KV (uA) (mM) 
17 Less Focus 300 4 24 5 3 
VOLTAGE 14 500 7 2.6 7.5 3; ring 6 
ON LENS 700 12 2.38 10 Strong ring, 10 
1000 25 2.9 22 Strong ring, 10 
1500 93 3.0 34 Annular ring, 15 
2000 230 3.1 52 Annular ring, 20 
33 Less FocUs 500 7 4.0 as 
VOLTAGE 29 700 12 5.0 16 1, red hot spot 
ON LENS 1000 28 5.2 35 1, red hot spot 
1500 93 4.5 116 1, very red spot 
2000 230 45 103 1, very red spot; 
ring, 30 
50 LESS FocUS 500 3.8(?) 5 Poor spot; back- 
VOLTAGE “43 ground 
ON LENS 700 om 5.0(?) ? 
1000 5.0 . 20 
1000 28 7.2 24 to 30) 2, red hot spot 
1500 93 7.1 (2200) Bright red spot 
2000 sé - 2300) 2, yellou hot spot 
50 Less FocUs 1000 ‘a 5.0 i 12 
VOLTAGE 243 1000 sas 6.0 ~ 5 
ON LENS 1000 = 7.1 2, red hot spot 
1000 ne 5.0 : 4, not red 
1000 - 9.0 ‘ 10 
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Fic. 9. Dimensions and positions of various electrodes used in tests of 
focusing effect of first tube gap. 


gave 30 microamperes on the screen, but the 
“spot” spread over the whole screen and no 
adjustments gave any improvement. It was 
concluded that the distance was too great for a 
small diameter ion beam exceeding 10 micro- 
amperes at these voltages. In all of these tests 
at currents above 100 microamperes the ion beam 
was faintly visible in the tube beyond the tube 
lens, provided the voltages were set to make its 
diameter less than 10 mm. 


(b) Small diameter equal cylinders, variable 
spacing. To determine the effect of variations in 
the diameter and spacing of the cylindrical 
electrodes used as the tube lenses, tests were 
next made, for the arrangement shown in Fig. 9c, 
with small diameter cylinders as electrodes one 
of which was movable by rack and pinion to 
vary the spacing or gap of the lens. The fluo- 
rescent screen was left at one meter from the 
are capillary, but it was thought more nearly 
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TABLE X. Observations on focusing with ion source lens and small diameter tube lens (case c of Fig. 9). [Tube lens 
electrodes about 25-mm diameter (rounded), variable spacing or gap. } 











GaP BETWEEN OuTPUT REQUIRED FARADAY 
TUBE LENS ELECTRODES OF PROBE CURRENT FOCUS CAGE 
VOLTAGE TUBE LENS VOLTAGE FROM PROBE VOLTAGE CURRENT DESCRIPTION OF SPOT 
(KV) (MM) (VOLTS) (uA) (KV) (uA) 
17 LESS FOCUS 4 2000 230 5.7 70 Hardly visible 
VOLTAGE= 12 15 2000 230 $+ 50 
ON LENS 40 2000 230 4+ 42 
15 1000 28 5.2 22 
33 LESS FOCUS 2 2000 230 11.7 160 Red hot spot; annular rings; background 
VOLTAGE 23 7 2000 230 10.9 — 
ON LENS 15 2000 230 10.0 Red; less background 
24 2000 230 9.5 160 Red 
40 2000 230 8.4 : Yellow hot spot; no visible background 
15 1000 28 10.0 25 Very faint spot still focused 
50 LESS FOCUS 4 2000 230 15 225 Red hot spot; strong background 
VOLTAGE 40 15 2000 230 13.5 225 Bright red spot; much less background 
ON LENS 24 2000 230 12 225 Yellow hot spot 
40 2000 230 11 225 Bright yellow spot 
15 1000 28 13.5 (40) Still focused 








correct for comparison with the 4-inch lens to 
have this smaller tube lens nearer the source, and 
it was placed at 20 cm instead of 40 cm as before. 
The measurements with this lens showed that 
these smaller diameter electrodes concentrated 
the total ion current from the source onto the 
screen nearly as completely as did the 4-inch elec- 
trodes, although below 50 kv both large and small 
lenses failed to focus the total current entering 
the tube for the higher currents. It is probable 
that there is no great difference between the 
two lenses as regards the completeness of 
focusing, both sizes focusing the total available 
current onto the target, but the smaller electrodes 
at close spacings gave definite evidence of worse 
aberrations, as indicated by the general back- 
ground accompanying the focal spot. The aber- 
rations are less at the larger spacings, which 
require a lower speed of the incident beam for 
the same focusing effect, the focusing effect of 
the lens itself being smaller at the wider spacings. 

TABLE XI. Observations on focusing with ion source lens 


and reentrant tube lens, from large cylinder inio small 
cylinder (case d of Fig. 9). 











Outpt 
CURRENT REeQuIRED FARADAY 
TUBE LENS PROBE FROM FOCUS CAGE DESCRIPTION 
VOLTAGE VOLTAGE PROBE VOLTAGE CURRENT OF SPOT 
(Kv) (VOLTS) (uA) (KV) (uA) 
50 Less Focus 2000 230 10.3 160 Yellow hot, 2-mm. 
VOLTAGE 240 1500 98 10.4 70 diam. 
ON LENS 
33 LESs Focus 2000 230 7.2 110 Red hot 
VOLTAGE 10 
ON LENS 
17 LEss Focus 2000 230 4.2 60 
VOLTAGE 4 1000 28 4.1 25 


ON LENS 


In general, these electrodes 1} inches in diameter 
have nearly twice the focusing effect of the 
4-inch electrodes (require nearly twice the voltage 
on lens FL of the ion source to prevent over- 
focusing of the beam by the tube lens). 

(c) Reentrant electrodes. Because of the possi- 
bility that reentrant electrodes might be desir- 
able to shield the ion beam from deflection by 
charges on the glass walls of the high voltage 
tube, brief tests were made of two such arrange- 
ments, although the fact that closely spaced 
electrodes of large diameter also had been found 
satisfactory largely eliminated any possibility 
that reentrant electrodes might be necessary. 

The arrangement of Fig. 9d, in which the ion 
beam is accelerated from a large cylinder into a 
small cylinder, was first tested. Although excel- 
lent (2-mm) focal spots were again obtained, the 
total output ion current did not reach the screen 
even at 50 kilovolts. The focusing effect of this 
arrangement (required “‘stiffness’” of incident 
beam) was comparable to that of two equal 
cylinders the size of the smaller one used. 


TABLE XII. Observations on focusing with ion source lens 
and reentrant tube lens, from small cylinder into large 
cylinder (case e of Fig. 9). 











Ovurpevut 
CURRENT REQUIRED FARADAY 
TUBE LENS Prope FROM FOCUS CAGE 
VOLTAGE VOLTAGE PROBE VOLTAGE CURRENT DESCRIPTION 
(Kv) (VOLTS) (wA) (Kv) (wA) OF SPOT 
50 LEss Focus 2000 230 13.4 185 Bright yellow, 
VOLTAGE 13 2-mm diam. 
ON LENS 1500 98 13.3 75 Yellow 
33 LESs FocUs 2000 230 8.1 125 Bright red 
VOLTAGE—9 1500 Ys 9.0 70 Red; visible back- 
‘all ground 


ON LENS 
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The reverse of this arrangement was also 
tested, the ion beam being accelerated from a 
small cylinder into a larger cylinder as indicated 
in Fig. 9e. This lens also appeared to give an 
excellent focal spot, although again focusing less 
than 100 percent of the probe canal output 
current. 

(d) Conclusions. It is clear from the above tests 
that almost any arrangement of electrodes can 
be used with fair or even excellent success in a 
cascade type, multiple lens, high voltage tube, 
focusing most or all of the ion current entering 
the lens system onto a distant target provided 
the various voltages (including the ion source) 
are adjusted in relation to each other. Such con- 
siderations as the desirability for some problems 
of working with an ion beam spread uniformly 
over a comparatively large area (for example, 
10-cm diameter) serves to indicate that elec- 
trodes of fairly large diameter are desirable, at 
least in the sections of the tube nearest the 
target. Again, if it is desired to apply a voltage 
of the order of 100 kv to the first section of the 
high voltage tube (nearest the ion source), it is 
also desirable to select fairly large diameter 
electrodes for this section (and those adjacent) 
in order that an inconveniently high voltage will 
not be required on the lens FL of the ion source 
to provide a beam of the requisite “‘stiffness’’ on 
entering the first tube lens. 


(3) Successive lenses 


Our knowledge of multiple lens arrangements 
is chiefly the qualitative information we have 
obtained during the past several years in using 
tubes having from 6 to 23 lenses for focusing ion 
currents up to 20 microamperes on distant tar- 
gets at voltages from 200 to 1200 kv. That it is 
possible with such tubes to focus on the target 
all or nearly all of the ion current entering the 
tube, by proper control of the voltages applied to 
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the first several lenses, already has been men- 
tioned. In connection with the experiments de- 
scribed in this paper we have made only one set 
of observations with voltage applied to more than 
one tube lens. Using the arrangement of Fig. 9a 
with a potential of 70 kv on the tube lens nearest 
the ion source, currents up to 1000 microamperes 
were satisfactorily concentrated on a 3-mm focal 
spot on the screen. With 60 kv on the lens 700 
microamperes was the maximum current which 
could be concentrated on the focal spot at the 
given distance and this current was correspond- 
ingly less at lower voltages. A second rectifier 
unit was then connected across the second tube 
lens, hitherto used as part of the Faraday cage 
for the target. Because of secondary electron 
emission the target currents were very unreliable, 
but it was interesting to find that when the ion 
source and first tube gap were left at given 
voltage settings, the indicated target current and 
the shape and size of the focal spot changed very 
little or not at all when the voltage across the 
second tube lens was changed from 10 kv to 
65 kv. Some change in the brilliance of the focal 
spot was noticeable, due to the increase of 55 kv 
in the total tube voltage. This experiment again 
demonstrated the relative unimportance of the 
subsequent tube lenses after the ion beam has 
once attained an energy equal to or exceeding 
that corresponding to the voltage across a single 
tube lens. It also served to emphasize the im- 
portance of giving the initial ion beam the proper 
characteristics before introducing it into the lens 
system of the tube, since the focus voltage of the 
ion source continued to control the size of the 
focal spot. 

The writers take pleasure in recording their 
indebtedness to Dr. F. L. Mohler and to Dr. 
C. M. Van Atta for their contributions to this 
work. 
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The Variation with Magnetic Field and Temperature of the 
Thermoelectric Properties of Ferromagnetics* 


F. E. Lowance AND F. WoopsripGE Constant, Duke University 
(Received May 28, 1935) 


It was first shown by Sir Wm. Thomson that a thermo- 
couple may be composed entirely of iron or nickel provided 
part is in a magnetic field and part not. A survey of the 
work previously done on this subject and an experimental 
investigation of a more extended nature than any hereto- 
fore have been attempted in order to clear up existing con- 
fusion and render the subject more available to theoretical 
interpretation. Measurements on iron, nickel, cobalt and 


permalloy from room temperature to above the Curie 
point indicate that the e.m.f. produced by a magnetic field 
in these thermocouples is conditioned by (1) the crystal 
structure and (2) the change in direction of the resulting 
spins or intrinsic magnetization in separate crystal regions, 
and that this effect is related to the change in length on 
magnetization. 





INTRODUCTION 


T was first shown by Sir Wm. Thomson! in 
1856 that a thermocouple may be constructed 
entirely of iron or of nickel provided the two 
parts are in different states of magnetization. 
Numerous investigations have since been made 
of the effect with conflicting results. Thomson,! 
Battelli? and Broili*® found the e.m.f. opposite for 
iron and nickel, but Strouhal and Barus,‘ 
Chassagny,’ Bidwell,* Cohen,’ Grondahl and 
Karrer,’ Bordoni,’ T’Ao and Band," Ross! and 
finally Perrier and Kousmine” have found the 
e.m.f. positive, i.e., from magnetized to un- 
magnetized metal at the cold junction, in both 
cases. (Here and elsewhere reference is to a 
longitudinal field; a transverse field generally 
gives the opposite direction to the effect.) In the 
case of iron the e.m.f. was sometimes observed to 
decrease for strong magnetic fields and Bidwell,® 
Houllevigue,"*" Rhoads,'* Smith’ and _ Broili® 
actually obtained a reversal, although Smith 








_ * Part of a thesis submitted by F. E. Lowance in partial 
fulfilment of the requirements for the Ph.D. degree in the 
Graduate School of Arts and Sciences of Duke University. 

‘Wm. Thomson, Phil. Trans. London 146, 709 (1856). 

2A. Battelli, Rend. Acc. Linc. (5) 2, 162 (1893). 

°H. Broili, Ann. d. Physik 14, 259 (1932). 

‘*V. Strouhal and C. Barus, Wied. Ann. 14, 54 (1881). 

* Chassagny, Comptes rendus 116, 977 (1893). 

°S. Bidwell, Proc. Roy. Soc. A73, 413 (1904). 

*F. Cohen, Ann. Fac. Sci. Marseille (11) 18, 51 (1909). 

’Grondahl and S. Karrer, Phys. Rev. 33, 531 (1911); (2) 
4, 325 (1914), 

°U. Bordoni, Nuov. Cim. (6) 2, 245 (1911). 

wan C. T’Ao and W. Band, Proc. Phys. Soc. 44, 166 

(1932). 

"W.H. Ross, Phys. Rev. 38, 179 (1931). 

® A. Perrier and T. Kousmine, Comptes rendus 198, 810, 
920 (1934). 

SL. Houllevigue, J. de physique (3) 5, 53 (1896). 

ME. Rhoads, Phys. Rev. 15, 321 (1902). 

® A. W. Smith, Phys. Rev. 19, 285 (1922). 


applied tension and Broili ‘recrystallized’ his 
specimen. This decrease or reversal in strong 
fields suggested to some®: !*: '® a connection with 
the similar change in length on magnetization, 
but in the case of cobalt® and Heusler alloys* no 
relationship was found. Others!: ": '® have postu- 
lated a connection between this effect and the 
change of resistance in a magnetic field, but the 
analogy is close only for nickel. Finally the state 
of confusion in regard to this effect has recently 
been exemplified by Gerlach" and by Ross" and 
Williams'® who have reported a “‘new effect” 
which is in reality only that discovered by 
Thomson. 

In view of the present confused state of the 
subject of Thomson's thermomagnetic effect the 
present attempt has been made first to review all 
the previous work done, and second, to repeat 
experimental measurements. In previous work 
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Fic. 1. Cross section of furnace and solenoid. 


16 Bachmetjew, Wied. Ann. 43, 723 (1891). 

17 W. Gerlach, Proc. Phys. Soc. 42, 418 (1930). 

8W. Chang and W. Band, Proc. Phys. Soc. 45, 602 
(1933). 

19S. R. Williams, Phys. Rev. 39, 368 (1932). 
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the effect has been studied with only one or two 
substances at a time and often without uniform 
magnetization or a wide temperature range, 
whereas in this attempt the effect has been 
studied by comparison of the magnetized metal in 
a uniform field with the same metal unmag- 
netized, from ordinary temperatures to above the 
Curie points, under identical conditions for each 
of the metals used and for as many different 
substances as possible in order that the resulting 
data might be more available for interpretation. 


EXPERIMENTAL METHOD 


Wires of iron, nickel and cobalt were secured 
from Baker and Co.; they had been prepared by 
the Taylor process and were 99.9 percent pure or 
better by analyses. The iron and nickel were 0.2 
cm in diameter and approximately 14 cm long, 
while the cobalt was 0.025 cm in diameter and 10 
cm long. The permalloy wires, kindly donated by 
the Bell Telephone Laboratories, contained 78.5 
percent nickel and were 0.05 cm in diameter and 
10 cm long. 

To demagnetize the specimens the iron wires 
were heated to 800°C and two nickel wires to 
450°C and allowed to cool slowly in vacuum. 
One nickel wire was simply demagnetized by the 
method of reversals but the experimental results 
were the same for this wire as for the other two 
nickel wires which were heated above the Curie 
point, hence thereafter all specimens were 
demagnetized by reversals. All specimens were 
eventually heated a little above their Curie 




















oo 
 O— 
ap f/f) i eh, 
= i} / bs, 
/ Iw 
x | 4/ — ty 
=. j ~~ in, 
> / ~ a rv 
z st 
cis 7 “SEE = 
" / i Lg 
— > “ine, 
¥ a io ——~-—__34€.9°¢ 
Se yA ~ 
: " 
- 
/ 226.4% 
ish / eal 
-—... i 
‘ ae -_ ae 142.9% 
/ ag 
ne 
ZY 646°C 
i 
400 BOT 7200 


Freid. Stvenoth (Gauss) 


Fic. 2. Iron with cold junction temperature 
of 32.0°C. 
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CONSTANT 


points during the course of the measurements, 
but their properties were not affected appreciably. 

In order to compare magnetized with un- 
magnetized materials the thermal e.m.f. of each 
was measured against copper, first for the 
demagnetized state and then when subjected to 
uniform longitudinal fields up to 1300 gauss. 
Thus the specimens could be held entirely in a 
uniform field and the transition regions relegated 
to the copper part of the circuit. The experimental 
arrangement is shown in Fig. 1. The specimen 
was welded to copper leads and copper-constantan 
thermocouples held in contact with the junctions 
by wrapping with fine copper wire. The specimen 


- was then placed in an alundum tube carrying two 


noninductive windings for controlling the tem- 
perature of each end. The tube was covered with 
an asbestos coat and was all contained in a Pyrex 
tube which was sealed at the ends and evacuated, 
thus preventing oxidation and reducing heat 
conduction. This was all placed inside a water- 
cooled solenoid with tapered ends. A search coil 
showed the field produced constant within one 
percent over the middle third, which contained 
the specimen. A null method using an L. and N. 
type K potentiometer for measuring the e.m.f.’s 
was sensitive to 1/10 microvolt. The tempera- 
tures of the junctions were maintained constant 
to 1, 300°C during the interval in which measure- 
ments were made. It was nécessary to insulate 
each part of the apparatus by using sulphur 
blocks for supports in order to eliminate electrical 
leaks and galvanometer drift. 


RESULTS AND CONCLUSIONS 


Although two or three wires of each material 
were tested the results for the specimens of the 
same metal did not differ appreciably. In Figs. 
2, 3, 4 and 5 is shown the change in the normal 
thermal e.m.f. against copper on application of 
magnetic fields up to 1300 gauss for iron, nickel, 
cobalt and permalloy, respectively. This is called 
AE or the “magnetic e.m.f.”’ and also represents 
the e.m.f. of each metal magnetized against the 
same metal unmagnetized. In every case AE was 
positive except for cobalt when it was slightly 
negative unless the hot junction, 72, was above 
350°-400°C when it again became positive. 
Remembering that the normal e.m.f. against 
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copper is negative for nickel, permalloy and 
cobalt, and for iron above about 470°C, it is seen 
that AE represents an actual decrease in the 
magnitude of the total e.m.f. against copper for 
nickel and permalloy, for cobalt above 350° 
400°C and for iron above 470°C, otherwise AE 
represents an increase in the size of EF. 

In Fig. 6 is shown the variation of AEF with the 
temperature of the hot junction, 7», for a field of 
1018 gauss. Each curve was carried above the 
Curie point except for cobalt and in every case 
saturation was attained as the Curie point was 
approached. This indicated the effect was truly a 
ferromagnetic one. It was also noted that the 
direction of the field made no difference provided 
it was longitudinal. Finally, although demag- 
netization was carried out for the data shown in 
the figures, it was found that the data could be 
nearly duplicated without demagnetization be- 
tween readings, indicating that the specimens 
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Fic. 5. Permalloy with cold junction temperature 
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Fic. 6. Cold junction at 25°C, 77 =1018 gauss. 


were magnetically very soft (the B vs. J] curves 
were also actually found), as was also suggested 
by the failure of the effect to show any hysteresis 
with the field. 

The data show similar behavior for nickel and 
permalloy, and for cobalt at higher temperatures; 
in each of these cases the crystal structure is the 
same, face-centered cubic. Iron, which is body- 
centered cubic, and cobalt below 400°C, when it 
is hexagonal, gave quite different results. The 
conclusion is that crystal structure is one of the 
factors governing the effect. 

The curves for change of resistance with 
magnetic field are of the same type for all the 
four metals, and although similar to the AE 
curves for nickel, cobalt above 400°C and 
permalloy there is no analogy in the case of iron. 
This indicates no close relationship between 
these two effects. 

The change in length on magnetization shows a 
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closer resemblance, the curves being very similar 
in shape and sign to those for AF except in the 
case of nickel where Al is negative and AF 
positive. In the case of iron the analogy is very 
close, the Al vs. /7 curves showing the type of 
maxima in Fig. 2. In the case of the change of 
length an explanation has been found by studying 
single crystals. For iron the (100) is the direction 
of easiest and the (111) of hardest magnetization, 
and Al is always positive for the former and 
negative for the latter.2° A polycrystalline speci- 
men would therefore show the combined effects 
for single crystals magnetized parallel to (100) 
and (111) directions, respectively, the direction 
of easy magnetization predominating for low 
fields. The same explanation may be advanced 
for the AE curves. The following summarizes the 
picture: According to Weiss’ and later theories a 
ferromagnetic substance is regarded as containing 
regions or ‘‘blocks’’ of the order of 10° atoms 
which are magnetized to saturation without an 


*0W. L. Webster, Proc. Roy. Soc. A109, 570 (1925); Proc. 
Phys. Soc. 42, 431 (1930). 
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external field; on gradually increasing the ex- 
ternal field the ‘‘blocks’’ are lined up parallel to 
that (100) direction in each crystal nearest that 
of I/, thereby increasing / and E£, the resistance, 
R, remaining unchanged; finally in strong fields 
the “blocks’” must turn slowly from (100) 
directions into more exact parallelism with // or 
somewhat in (111) directions, thereby decreasing 
l and E and increasing R. A similar picture 
follows for the other metals. In the case of nickel 
Al is of the same sign*! and hence also AE for all 
directions and the (111) is the direction of easiest 
magnetization. It would appear that AF and Al 
are both due to the same thing. 

The above conclusions are in accord with those 
of Akulov® and Chramov and Lwowa,” who 
conclude that AE may be produced by mag- 
netization or stretching and is conditioned by (1) 
crystal structure of specimen, (2) change of 
direction of resulting spins in separate crystal 
regions. 

21 Mashiyama, Sci. Rep. Tohédku Univ. 17, 948 (1928). 

22.N. Akulov, Zeits. f. Physik 87, 768 (1934). 

*3P, Chramov and L. Lwowa, Zeits. f. Physik 89, 443 
(1934). 
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The Relation Between the Electron Field Emission and the 
Work Function of Liquid Mercury 


L. R. QuUARLEs, Rouss Physical Laboratory, University of Virginia 
(Received June 3, 1935) 


The variation in the field necessary to initiate a vacuum 
discharge between a mercury cathode and a molybdenum 
anode and the accompanying variation in the work function 
of the cathode have been measured. The work function 
variations were obtained from measurements of the contact 
potential between the mercury and a platinum filament. 
The fields were applied by an impulse circuit, the time 


INTRODUCTION 
UMEROUS experiments! have been _per- 
formed to study the relation between the 
field current and the field strengths involved. 
Several theories? have been proposed to forecast 


1 Millikan and Eyring, Phys. Rev. 27, 51 (1926); Eyring, 
Mackeown and Millikan, Phys. Rev. 31, 900 (1928); 
Gossling, Phil. Mag. 1, 609 (1926); Millikan and Lauritsen, 
Proc. Nat. Acad. Sci. 14, 46 (1928). 

2 Schottky, Zeits. f. Physik 14, 63 (1923); Richardson, 
Proc. Roy. Soc. A117, 173 (1928); Houston, Zeits. f 
Physik 47, 33 (1928); Fowler and Nordheim, Proc. Roy. 
Soc. A119, 173 (1928). 





constant of the voltage wave being very short in order to 
prevent distortion of the mercury. The final results show a 
variation of the field with work function which, while in the 
same direction, is more pronounced than that forecast by 
the Fowler-Nordheim theory. For a change of work func- 
tion of one volt the field required to initiate the discharge 
varied from 375 kv/cm to 575 kv/cm. 


what this relation should be or to fit the ex- 
perimentally found relation, the latest being that 
of Fowler and Nordheim. As a whole the results 
of various experiments on the problem have been 
capable, after making an assumption regarding 
the work function of the surface serving as 
cathode, of being fitted to an expression such as 
they have deduced.’ The present experiments 
were carried out to investigate the relation con- 


3Stern, Gossling and Fowler, Proc. Roy. Soc. A124, 699 
(1929). 
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Fic. 1. The discharge tube. 


necting the work function and the field with a 
fixed current density. 

It has been shown‘ that a vacuum spark is 
initiated by field emission from the cathode. The 
rapid variation of the current density with field 
justifies the assumption that the density to start 
the discharge is practically constant, or if not 
constant, at least the variation of field will be 
small over the range of variation of the required 
current, on the assumption the criterion used for 
the field emission was the passage of a discharge 
between the cathode being studied and the 
anode. This does away with the need of measuring 
the current and thereby simplifies the use of 
impulsive fields which have a decided advantage 
in the experiment as described below. 

Mercury was chosen as the cathode material 
both on account of the ease with which its work 
function could be varied by vacuum distillation 
and because it would automatically assume a 
plane surface, free of polish imperfections. How- 
ever, this eliminated the possibility of using 
steady fields, since a steady field would very 
seriously distort the surface and thus make 
impossible a fair calculation of the field strength 


4Snoddy, Phys. Rev. 37, 1678 (1931); Beams, Phys. Rev. 
44, 803 (1933). 
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from the value of the applied voltage. This called 
for impulsive potentials of short duration to 
avoid any appreciable movement of the mercury. 
The method adopted for measuring the work 
function was to measure the contact potential 
between the mercury and some fixed standard. 
It has been shown by several investigators® that 
the contact potential difference between two 
metals is equal to the difference of their work 
functions except for a negligible correction. 
Cassel and Gliickauf® have shown that mercury 
vapor has no effect on the work function of a 
platinum filament, so platinum was chosen as the 
standard for measuring the contact potential. 


APPARATUS 


The discharge tube is shown in Fig. 1. In 
addition to the part shown here, there was an 
extension of the upper part with an enclosed 
armature by means of which the spherical anode 
could be drawn into the upper part of the tube. 
The Pyrex glass envelope, 6.5 X 25 cm, was lined 
with a nickel shield to reduce disturbing effects in 
the electrometer circuit used for measuring the 
contact potential. The platinum filament F, 0.2 
mm diameter and 2.5 cm long, was inserted from 
the side, supported by leads of 100 mil nickel 
wire. The cathode consisted of the mercury 
contained in the iron cup C, 3.5 cm diameter and 
about 1.2 cm deep, and which was sealed to the 
glass with silver chloride. Iron was chosen to 
eliminate the accumulation of electric charges by 
the overflowing mercury. The condition of the 
mercury surface could be altered by distillation 
similar to the method described by Beams.* The 
mercury entered from the still at Z, flowed up to 
the cup, overflowed and returned to the still 
through the tube R. A two cm molybdenum 
sphere A was suspended above the mercury to 
form the anode for the field emission measure- 
ments. The support for this was the iron rod 
shown extending into the upper part of the tube. 
The sections J were jackets for packing dry ice 
to lower the vapor pressure of the mercury. 


5 Richardson, Phil. Mag. 23, 261, 615 (1912); see also 
Darrow, Phys.” Rev. Supp. 1, 147 (1929); Richardson and 
Compton, Phil. Mag. 24, 575 (1912); Millikan, Phys. Rev. 
18, 236 (1921); Richardson and Robertson, Phil. Mag. 43, 
557 (1922); Van Voorhis, Phys. Rev. 30, 318 (1928). 

6 Cassel and Gliickauf, Zeits. f. physik. Chemie 18, 347 
(1932). 
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Fic. 2. Method of applying impulse potential. 


The vacuum system was standard with liquid 
air trap, McLeod gauge, two-stage mercury pump 
with the oil fore pump. However, no stopcocks 
were used except at the fore pump, all other 
cutoffs being of the mercury type. There was one, 
which was kept closed except when the pumps 
were operating, between the diffusion pump and 
the stopcock in order to decrease the danger of 
grease vapors getting into the system. The entire 
system except for the fore pump was mounted on 
a heavy table which was set on automobile inner 
tubes to eliminate transmission of building 
vibrations to the mercury surface serving as 
cathode. 

Fig. 2 shows the high voltage impulse circuit. 
This circuit was charged by an x-ray transformer 
and synchronous rectifier system adjusted to 
supply about 28 kv to ground. The impulse 
circuit itself consists of the Marx circuit M, the 
isolating gap G, (12.5 cm brass hemispheres) 
charging resistor Re and condenser C,, measuring 
gap G2 (10 cm brass spheres), resistor R and glow 
tube G, and the discharge tube 7. The glow tube 
was used to indicate the presence of oscillations 
and to show the polarity of the discharge. The 
resistors in the various circuits were adjusted to 
values to prevent oscillations. The Marx circuit 
was set to deliver about 85 kv peak. Gz was 
irradiated with ultraviolet light from an iron arc 
during all measurements. 

The electrical connections used in determining 
the contact potential difference of the filament 
and mercury are shown in Fig. 3. Here F is the 
filament and G the cup of mercury of the dis- 
charge tube. E is a Swann electrometer which was 
operated heterostatically. The lead from the tube 
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Fic. 3. Circuit for measuring contact potential between 
the mercury and platinum. 


to the electrometer insulated quadrants consisted 
of a wire surrounded by 2.5 cm brass tubing, the 
wires being insulated by sealing wax in the ends 
of the tube. The quadrants and mercury system 
were charged from the B battery and potentio- 
meter arrangement P. All connections in the 
electrometer system were soldered to prevent 
changes of their contact potentials. 

Before any measurements were taken the tube 
and mercury still were baked about 5 hours at 
300-350°C, the rest of the vacuum system being 
torched out in the meantime. The first part of 
this baking was done with no liquid air on the 
trap and the latter part with it. Liquid air was 
then kept on the trap continuously until all 
measurements were completed. After baking out 
the system the mercury, which had been cleaned 
by the Roller’ process, was put in and the system 
immediately re-evacuated. All parts of the system 
which enclosed moving mercury had to be 
painted with ‘‘Aquadag” on the outside and 
wrapped in tin foil to prevent disturbing charges 
as much as possible. 

Before making any tests the platinum filament 
of the tube was heated for several minutes at a 
current higher than that needed for the tests, and 
heating continued for a half-hour at the test 
current. Before each measurement the filament 
was again heated for a few minutes to drive off 
any mercury which might have condensed on it. 


PROCEDURE 


The sphere A of Fig. 1 was drawn up to the 
upper part of the tube and held there while 


7 Roller, J. O. S. A. and R. S. 1. 18, 357 (1929). 





e 





i a 


WORK 


making contact potential measurements. The 
sphere and shield of the tube were grounded and 
the filament energized at constant current. For 
the contact potential determinations the elec- 
trometer quadrant and mercury system were 
charged to a definite voltage with respect to 
ground. Then this system was isolated by raising 
the key of the electrometer for five seconds. The 
deflection of the electrometer needle for this 
period gave a measure of the current which had 
passed between the filament and the mercury. 
Several values of the voltage applied to the 
mercury then gave enough points to plot a curve 
of the thermionic characteristic of the diode 
formed by the filament and the mercury. Dis- 
placements of these characteristics along the 
voltage axis between different runs gave the 
change of contact potential difference between 
the tube elements, and since the platinum does 
not change its surface condition this gives the 
change in the mercury surface. Another method 
of determining this change of contact potential 
was to charge the electrometer to a given 
potential as before and then raise the key and let 
the system discharge to equilibrium. This point 
gave the value of the voltage when the potential 
still applied to the mercury was equal and 
opposite to the contact potential difference of the 
mercury and platinum, thus the net voltage 
across the tube was zero and there was no passage 
of electrons from the filament to the mercury. 
These two methods checked almost exactly. 
These changes in contact potential difference are 
equal to changes in work function of the mercury. 

The surface condition having been determined, 
the sphere was lowered into position just above 
the mercury surface and the field necessary to 
initiate a vacuum discharge was taken. The Marx 
circuit, Fig. 2, was energized and the measuring 
gap G2 set to a small value. When the impulse 
circuit fired, the condenser C, charged, at a rate 
determined by Re, until the voltage across G2 
was sufficient for breakdown, when it removed 
the potential from the tube. The next impulse 
was applied with G2 set a little wider and so on 
until a value of Gz spacing was reached when the 
discharge went through the tube instead of to the 
measuring gap. This value of the gap spacing 
then gave the value of the voltage necessary to 
initiate the discharge between the sphere and the 
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Fic. 4. Breakdown field as a function of the work function 
of the mercury. 


mercury. The actual field at the surface could 
then be calculated from the expression*® 


E=2V/(f+1)x, 


where £ is the field, V the impressed voltage, f a 
function of x and the radius of the sphere, is 
found from tables, while x is the spacing between 
the sphere and the mercury. This latter quantity 
was determined by means of a telescope with 
movable cross-hairs. 

Having obtained a complete set of data in this 
way, the mercury surface was altered. This was 
done in several ways and the result was uncon- 
trollable. Sometimes the mercury was distilled, 
a new set of data being taken just after it 
overflowed in the cup. At others it was allowed to 
stand for long periods without distilling. These 
usually changed the surface condition but a given 
treatment did not always give the same sort of 
change. This, however, was unimportant since 
the surface condition was actually measured and 
a change of some sort was all that was wanted. 
After changing the surface new data were taken 
for the surface and the field, giving another point 
on the curve. 


RESULTS 


The curve of Fig. 4 summarizes the results. 
The fields necessary to initiate the vacuum 
discharge are plotted as ordinates and the changes 
in work function as abscissae. These values give 
the straight line within the precision of the data 


8 Peek, Dielectric Phenomena (Van Nostrand, 1929). 
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which is about 3 percent. Before considering the 
comparison with the theory, let us consider the 
consistency of the data themselves. These points 
do not represent a progressive change from day to 
day, as the uncontrollable changes of the mercury 
surface made the location of the points a random 
process with time. No adjacent points represent 
data taken on consecutive runs. This rules out 
any change of a progressive drift due to some- 
thing else. The manner in which these randomly 
determined points all fall on the same curve is 
strong support for the reliability of the results. 
When these results are compared with those 
forecast by the theory of Fowler and Nordheim, 
we note two differences. The first of these is the 
marked difference in the order of the fields, those 
forecast being of the order of 107 volts,/cm. This 
is in agreement with the results of Beams.‘ A 
possible explanation of this might be a distortion 
of the mercury either by the field or by me- 
chanical disturbances. The first was prevented 
by the short time of application of the voltage 
pulse (10-7 sec. time constant) and was checked 
by applying pulses of different wave fronts. 
Since any distortion by the field would grow with 
increased time of application of the voltage, this 
time was varied and the breakdown measured. 
For a variation of the time from 10~7 to 10~® sec. 
there was no observable change in the field 
necessary for breakdown. A second check was 
made by putting ripples on the surface of the 
mercury. A coil containing a loose iron core was 
placed on the table with the vacuum system and 
connected to the 60-cycle supply, thus giving the 
mercury a 120-cycle agitation. The effect of this 
was to decrease the field needed by about 6 
percent for the wave front used in the experiment 
and somewhat more for the slower waves. The 
effect under the conditions of the experiment is 


QUARLES 


very close to that calculated for the intensifica- 
tion of the field by the ripple. This would not 
have been true if irregularities had been present. 

The second difference with the theory is in the 
difference in the influence of the work function. 
The effect found here for this quantity, while in 
the same direction, is more than forecast by the 
Fowler-Nordheim equation. The equation gives a 
30 percent change of field for 1 volt variation of 
work function while the experiment gives about 
60 percent change. 

We are thus led to the conclusion that, while 
the work function has a marked effect on the field 
emission, the theory fails quantitatively to fit the 
experimental results. To simplify the mathe- 
matics a sharp potential barrier at the surface of 
the metal was assumed—that is, the barrier was 
represented as a rectangular step, the effect of 
the external field being assumed to change this 
to a sort of triangular barrier, the edge of the 
metal still being represented by a vertical rise. 
This picture is no doubt too simplified, the 
actual barrier probably being some sort of 
irregular affair before the application of the 
field, and the effect of the applied field pene- 
trating slightly into the metal. Both of these 
would have the result of increasing the effect of 
any work function variation on the field emission 
as was observed. 
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Interaction of Neutrons with Matter 
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The interaction of fast neutrons with matter has been 
studied through their transmission out of spheres of various 
materials. Of the order of 90 percent or more of the colli- 
sions with atomic nuclei were found to be approximately 
elastic, probably around 10 percent of the neutrons which 
make collisions with nuclei being captured or suffering 
energy losses which make them undetectable through 
projected protons. The interaction of ‘‘slow’’ neutrons 
with matter has been studied largely through the ionizing 
particles ejected with high efficiency from Li (or B) by 
slow neutrons, with very sensitive ionization chambers 
whose inner surfaces are entirely of Li metal, the ionization 
being detected through amplifier systems using thyratron 
or photographic oscillograph recorders. The anomalous 
effects characteristic of slow neutrons, such as high absorp- 
tion in Cd, are not observable with the lowest energy 
neutrons detectable through projected protons. The use of 
a Cd shutter with the Li ion chamber permits separation 
of fast and slow neutrons effects. Cd is used as shielding 
against slow neutrons, and serves as effective material for 
slits to define beams of slow neutrons. The production 
of slow neutrons through collisions of fast neutrons with 
H nuclei has been studied by using paraffin, H,O and 
D.O. The slow neutron production curve with paraffin 
and H:O shows a maximum with spheres of about 10 cm 
radius and the decrease in the number of slow neutrons 
emerging from larger spheres is attributed largely to 
absorption processes such as combination with H to 
form deuterium. The presence of large numbers of neu- 
trons with energies already below 100,000 e.v. in Rn-Be 
neutron sources appears necessary to account for this and 
other effects. Li also detects neutrons having energies in- 
termediate between fast and slow. H,O is about 5.5 times 


as effective as D,O in producing slow neutrons, as deter- 
mined through the relative enhancement of the artificial 
radioactivity produced in Ag. The question of thermal 
equilibrium of slow neutrons was investigated, and in the 
range from about 95° to 373°K, the change in the number 
of disintegrations of Li was found to be very small and the 
change in the absorption of Cd was found to be of the 
order of 5 percent, the results probably indicating that 
many of the neutrons approach thermal equilibrium but 
that these effects are not sensitive functions of the neutron 
energy in this region. The absorption of Cd for slow neu- 
trons has been found to be very nearly exponential when 
measured with a reasonably parallel beam of slow neutrons. 
The neutron-nucleus collision cross sections for fast neu- 
trons lie on a fairly smooth curve, indicating increasing 
nuclear radii with atomic weight in fair accord with other 
data, although all the lower atomic weights have about the 
same cross section for fast neutrons. The neutron-nucleus 
collision cross section for slow neutrons has been investi- 
gated over a wide range of elements with an approximately 
parallel slow neutron beam, and varies from values which 
may be slightly smaller than the comparison values for 
fast neutrons in such cases as Al and S, to values several 
thousand times larger, in the case of Gd, Sm and Cd, the 
first two having the largest absorption coefficients for slow 
neutrons yet measured. Studies of the amount of elastic 
scattering of slow neutrons from Cd show that, compared to 
Cu, less than 1 percent of the slow neutrons are elastically 
scattered, indicating that the large neutron-nucleus cross 
sections for slow neutrons are due to neutron capture and 
not elastic scattering. The same appears to be true for 
other elements of high absorbing power. 





Hich ENerRGy NEUTRONS 


HE interaction of fast neutrons, having 

energy of the order of 1 MEV, with matter 
has now been studied from a number of stand- 
points! ?. 3.4. 5. 6 7 and it appears that most of 
the phenomena associated with the passage of 
such neutrons through matter arise from the 
scattering of the neutrons by elastic collisions 
with atomic nuclei, rather than from the less 


' Chadwick, Proc. Roy. Soc. A136, 702 (1932); A142, 1 
(1933), London Conf., Solvay Conf. 

* Curie-Joliot, J. de phys. et rad. 4, 21 (1933); 4, 278 
(1933). 

* Dunning and Pegram, Phys. Rev. 43, 497 (1933); 43, 
775 (1933). 

* Dunning, Phys. Rev. 45, 586 (1934). 

° Meitner and Phillip, Naturwiss. 21, 286 (1933). 

® Bonner, Phys. Rev. 44, 235 (1933); 45, 601 (1934). 

? Dee, Proc. Roy. Soc. A135, 727 (1932). 


frequent capture of neutrons by nuclei. The 
interaction of fast neutrons with nuclei, expressed 
in terms of neutron-nucleus collision cross sec- 
tion, gives values for nuclear radii which vary 
quite smoothly over the range of elements*: * and 
which agree well with nuclear radii inferred from 
other types of measurements’ and from theo- 
retical considerations. The disintegration of 
various nuclei by neutrons,'® "':"-™ the dis- 

* Rabi, Phys. Rev. 43, 838 (1933). 

® Pollard, Phys. Rev. 47, 611 (1935). 


10 Feather, Proc. Roy. Soc. A141, 194 (1933); Al42, 3 
(1933); Al42, 689 (1933). 

"Harkins, Gans and Newson, Phys. Rev. 43, 208 
(1933); 44, 945 (1933); Harkins, Phys. Rev. 47, 702 (1935); 
44, 529 (1933); 46, 397 (1934). 

'? Kurie, Phys. Rev. 43, 771 (1933); 47, 97 (1935); 45, 
904 (1934); 46, 324 (1934). 

18 Meitner and Phillip, Zeits. f. Physik 87, 484 (1934). 
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Fic. 1. Apparatus for the measurement of the absorption 
of fast neutrons in spheres of various materials. 


covery by Fermi and his colleagues" of artificial 
radioactivity produced by neutrons, which is 
well explained as due to the capture of the 
neutron by the struck nucleus, and the sug- 
gestion of possible energy losses by neutrons 
through noncapture processes,'®: !6) 154, ldb. le 
make it desirable to have measurements of the 
absorption of neutrons as contrasted with scat- 
tering. 


ABSORPTION OF FAST NEUTRONS 


The amount of actual absorption of high 
energy neutrons, i.e., capture or large reduction 
in energy, has been studied'* by observing the 
number of detectable neutrons emerging through 
spheres, surrounding the neutron source, of 
various materials and graded sizes. 

Fig. 1 shows the general experimental arrange- 
ment. A Rn-Be neutron source of about 500 mc 
strength, encased in a platinum container of the 
form shown, with about 5 mm wall thickness, 
was placed in the position shown, and surrounded 
successively by spheres of 3.8, 6.3, 10.2 cm 
radius, of HsO, C (coal), Al, SiO, (sand), Cu 
(shot) and Pb (shot). Spherical shells of about 1 
mm thick Cu were used as containers for all 
except the Al which was solid. The number of 
neutrons emerging from the various spheres was 
measured through the number of projected 
protons (from paraffin front), plus projected 
nitrogen and oxygen nuclei (from chamber gas), 
detected in an ionization chamber connected to 
an amplifier system with thyratron and photo- 
graphic oscillograph recorders.'™ 

‘Fermi, Amaldi, D'Agostino, Rasetti, Segré, La Ri- 
cerca, Proc. Roy. Soc. A146, 483, 34 (1934). 

'® Lea, Nature 133, 24 (1934); London Conference. 

1 Fleischmann, Naturwiss. 22, 839 (1934). 

'” Auger, Comptes rendus 198, 365 (1934). 

' Kurtchatov, Kurtchatov, Myssowsky, 
Comptes rendus 200, 1201 (1935). 

© J. R. Dunning, G. B. Pegram, G. A. Fink, Phys. Rev. 


47, 325 (1935). 
‘6 J. R. Dunning, Rev. Sci. Inst. 5, 387 (1934). 
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Fic. 2. Transmission of fast neutrons out of spheres of 
various materials and sizes. 


Fig. 2 shows the decreasing number of neutrons 
detected as the sphere size was increased. If there 
were no absorption, or some process making the 
neutrons undetectable through projected nuclei, 
every neutron would emerge and the number 
observed with increasing sphere size should be 
practically constant. The obliquity of neutron 
paths in the case of larger spheres was not a factor 
since the chamber was shown in a test experi- 
ment to decrease in sensitivity by only a few 
percent at most when neutrons entered it from 
the largest angles that are possible in this 
arrangement. 

Two general processes can account for these 
results: (1) capture of the neutron, and therefore 
removal from the beam, or (2) loss of energy by 
the neutrons so that some no longer have suffi- 
cient energy to project H, N or O nuciei with 
detectable ionization. The first process would 
appear to apply in the case of Al or Si, the 
neutron capture giving rise to artificial radio- 
active elements, and this undoubtedly accounts 
for at least part of the decrease. Capture may 
also play some part in the case of all the other 
materials tested, if the production of stable 
nuclei by fast neutron capture occurs (or perhaps 
radioactive nuclei of period so long or so short 
that it has not been observed), or if the reaction 
on'+,H'—,D?+¥ occurs, as has been suggested 
by Lea.'® Only rather crude estimates can be 
made of the number of neutrons and the number 
of radioactive atoms produced in such cases as 
Al and Si but on the basis of such estimates, to 
account for the amount of artificial radioactivity 
observed, the ratio of the probability of capture 
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to the probability of elastic scattering need 
certainly not be greater than 1 to 10, while 
theory'® '? indicates that the ratio is very much 
smaller than this. 

In regard to the second process, neutrons 
becoming undetectable through loss of energy, 
it is obvious that in the case of H particularly, 
large energy losses will occur in purely elastic 
collisions, and this undoubtedly accounts for the 
major part of the reduction with H,0. The loss of 
energy in elastic collisions must be an appreciable 
factor even in the cases of C, O and Al. In 
addition, it may well be that there is some loss of 
energy through non-elastic nuclear collisions that 
result in excitation and subsequent gamma- 
radiation or nuclear rearrangement without 
neutron capture.’ Such evidence as_ there 
is’: 5 18. 18 indicates that neutron-electron inter- 
action is too small to give a measurable part of 
the absorption observed in these experiments. A 
similar statement may be made as to more 
speculative processes such as neutron disinte- 
gration or neutron-neutrino interaction. 

From our previous work,‘ we know the ap- 
proximate mean free path of fast neutrons in the 
materials of these spheres (for collisions resulting 
in about 15° mean scattering of the neutrons) and 
it should be possible to arrive at some value for 
at least the maximum probability of capture (or 
large energy loss) per collision. An exact calcu- 
lation of the probable number of collisions has 
not been attempted but the tabulation in Table I 
indicates the minimum possible number of col- 
lisions (for neutrons coming nearly straight out) 
and hence the maximum fraction of the neutrons 
lost per collision. The figures in the adjacent 


TABLE I. Transmission of fast neutrons out of spheres. 














Est. Maxi-_ Esti- 
MIN. MUM MATED 
NUM- FRAC- FRAC- 
BER Est. TION TION 
MaTE- FrAcTION Rapius EXPER. COL- NUMBER ABS. ABS. 
RIAL TRANS. ABS. SPHERE M.F.P. LIS. COLLIS. COLL. COLL. 
HO 38 .62 12.85 5.9cm 2.2 3.3-4. 0.28 0.19-0.15 
C (coal) .74 26 12.85 14.00cm 1.0 1.4-1.9 .26 -17-— .13 
SiOz 852 .148 12.85 30 cm 43° © .65-1.0 32 .23- .14 
Al 662 .338 12.65 65cm 1.95 2.9-4. 17 117~.085 
Cu 55 45 12.85 7.05 1.82 2.8-3.6 22 16-.125 
Pb 731 .269 12.85 8.85 1.46 2.2-2.9 18 12-.092 








'7 (a) Wigner, Phys. Rev. 43, 252 (1933); (b) Bethe, 
Proc. Roy. Soc. A149, 176 (1935). 

'8 Massey, Proc. Roy. Soc. A138, 460 (1932). 

'°N. F. Mott, Handbuch der Physik, Vol. 24, p. 834. 
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columns indicate more probable numbers of 
collisions (perhaps still too low) and _ hence 
a more probable value for the ratio of the 
fractional loss of neutrons to the probable number 
of collisions made by a single neutron in getting 
out of the sphere. The estimate of this ratio is if 
anything too high. This probability of neutron 
loss per collision is of about the same order of 
magnitude for each of these materials, around 10 
percent and it seems quite certain that at least 90 
percent of the collisions of high energy neutrons 
with these nuclei are approximately elastic. 


SLow NEUTRONS 


Fermi and his co-workers'* observed that 
neutrons from an ordinary source, such as radon- 
beryllium, when surrounded by a substance 
containing hydrogen, such as paraffin or water, 
show much increased interaction with atomic 
nuclei, including enhanced production of radio- 
active atoms, great variation in absorption from 
element to element, and the immediate disinte- 
gration of certain light elements. Since the effect 
on neutrons of passing through hydrogen is 
certainly to slow them down, the term slow 
neutrons is applied to neutrons showing these 
enhanced interactions with nuclei. The stopping 
power of cadmium for these slow neutrons is so 
great that we may approximately describe the 
slow neutrons as those that do not go through a 
sheet of cadmium, say half a mm thick. It may 
be remarked here that the question of whether 
or not the range of neutron velocity in which 
cadmium absorption is very high coincides with 
the velocity range of neutrons showing the other 
characteristic slow neutron effects will be touched 
upon later in this paper. 

A fundamental question regarding slow neu- 
trons is that of the range of velocities involved. 
it was readily found that no measurable fraction 
of the neutrons detected through projected 
protons showed any anomalous effects character- 
istic of slow neutrons, such as the increased 
absorption in Cd, although the sen: jitivity of the 
apparatus for slow projected protons was in- 
creased to the limit. This would indicate that 
slow neutrons have much lower energies than 
could be detected by the projected proton 
method, i.e., probably well below 100,000 e.v. 
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Fic. 3. Lithium ionization chamber for the detection of 
slow neutrons. 


The nuclear transformations produced by slow 
neutrons resulting in the immediate ejection of 
heavy particles, as with boron” or lithium,” * 
which particles can be detected with an ionization 
chamber and amplifier system, afford for many 
purposes a more direct and convenient method of 
studying slow neutrons than the production of 
artificial radioactivity. We have used chiefly the 
lithium disintegration, for which the reaction is 
probably: 


3Li’+on'—2Het+ ,H*+K.E., 


resulting in two groups of particles of about 1.5 
and 5-6 cm range in air, which have the charac- 
teristic ionization of alpha-particles and hydro- 
gen nuclei, respectively. This nuclear transfor- 
mation seems to take place with such high 
efficiency that practically every slow neutron in 
traversing a distance of not more than about a 
mm in Li is captured by a Li nucleus with the 
formation of a helium and a hydrogen (isotope) 
nucleus and with an energy liberation of about 2 
or 3 MEV. 

The earlier experiments discussed in this paper 
were performed with ionization chambers having 
a Li front only. In the later work, chambers of 
the type shown in Fig. 3 have been used, which 
make use of nearly the full possibilities of Li as 
a detector, since nearly all the internal surfaces 
are Li. The external parts of the chamber, with 
the thin clear Bakelite support, amber insulation, 
guard ring and thin aluminum shell, are assembled 


*1 Amaldi, D'Agostino, Fermi, Pontecorvo, Rosetti, 


Segré, Ricerca Scient. V, vol. 1 (1935). 
*2 Chadwick and Goldhaber, Nature 135, 65 (1935). 

*3 J. R. Dunning and G. B. Pegram, Phys. Rev. 47, 640 
1935). 
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and sealed at the joints with picein or glyptal. 
The walls and the collector, made of Li metal 
rolled out to about 0.015 cm thickness (just 
sufficient to absorb the longest range particles 
ejected in the reaction) are then put in place, 
being securely held by a conducting cement, and 
chamber front sealed up under a Ne or A atmos- 
phere. Since the two particles are ejected in 
opposite directions,?* **° one particle will usually 
get into the chamber, if it has enough energy to 
emerge from the thin Li. Hence practically the 
whole chamber is effective and the detection 
efficiency is high. A chamber lined with powdered 
boron is about equally effective. 

A 500 mc, Rn-Be source in a 6 cm radius 
paraffin sphere 30 cm from the chamber gives 
about 1600 counts a minute. In contrast as to 
detection efficiency, a similar paraffin front 
chamber for detecting fast neutrons from the 
same source at the same distance gives about 20 
counts a minute. Most of the work was done with 
counting at a much lower rate, such as 200 per 
minute. The Li walls, of low atomic weight, also 
reduce gamma-radiation disturbance to a mini- 
mum. We estimate that the lithium chamber may 
detect } or more of the slow neutrons falling on it. 

Although a Li lined chamber responds most 
effectively to slow neutrons, it is also affected by 
higher energy neutrons. Detection with Li makes 
it comparatively easy to separate out high and 
low energy neutron effects, by making use of the 
anomalous absorption of slow neutrons by Cd. 
As will be seen from the absorption curve of Cd 
in a later section, the introduction of 0.030 to 
9.075 cm of Cd as a shutter in front of the 
chamber is sufficient to absorb practically all of 
the slow neutrons which lie within the absorption 
band of Cd and within the efficient disintegration 
region of Li. From such a chamber there is 
always a residual number of counts (about 10 
percent) due to higher energy neutrons that have 
not been entirely slowed down, so that they still 
have sufficient energy to project nitrogen nuclei 
from the chamber gas, to project occluded H 
from the Li, to project Li nuclei directly and, in 
addition, they may also disintegrate Li nuclei. 
The residual count left when Cd is interposed is 


*4 Taylor and Goldhaber, Nature 135, 341 (1935). 
*4» Kurtchatov, Kurtchatov, Latychev, Comptes rendus 
200, 1199 (1935). 
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then called the high energy neutron residual 
component (although it might possibly be that a 
few of these counts are due to neutrons lying 
below the Cd absorption region) but in any case 
the use of Cd permits studying the effects of slow 
neutrons lying within a fairly definite region. 
There is some evidence to be noted later that the 
lithium detection region extends to higher ve- 
locities than the Cd absorption region. 

As will be shown later, Cd really absorbs 
practically all the slow neutrons incident, for the 
number of slow neutrons elastically scattered 
from it is almost undetectable. Cd thus offers 
unusual possibilities for defining beams of slow 
neutrons, since very thin sheets may serve to 
define slits etc., and it may also be used as 
shielding against slow neutrons, as is indicated in 
the accompanying figures of apparatus for the 
various experiments. A combination of a hydro- 
gen containing material, such as paraffin or 
water, and a material having a high absorption 
coefficient for slow neutrons, such as Cd, B, Hg, 
etc. serves as an effective shield for both high and 
low energy neutrons. The combination of a 
paraffin sphere with a canal and defining dia- 
phragms of Cd serves fairly well to collimate a 
beam of slow neutrons and has been used in a few 
experiments. 


PRODUCTION OF SLOW NEUTRONS 


A number of problems, concerning the initial 
and final energies of the neutrons, the number of 
collisions necessary and the combination of slow 
neutrons with H, C or O arise in considering the 
production of slow neutrons through the process 
of allowing fast neutrons to lose energy in 
collisions with hydrogen nuclei in such substances 
as water or paraffin. 

Fig. 4 shows the experimental arrangement 
used to investigate some of these questions. A 
500 me Rn-Be source bulb, about 4 mm in 
diameter with about 0.75 mm lead foil around it, 
was suspended as far from floor, ceiling, walls or 
other objects as possible, at 64 cm from the Li 
lined ionization chamber. This source was then 
successively surrounded by a series of ten paraffin 
spheres of sizes up to 23 cm radius, and the 
number of slow neutrons emerging was measured 
for each sphere. With a sphere surrounding the 
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Fic. 4. Arrangement of apparatus to investigate the pro- 
duction of slow neutrons. 


source, the number of neutrons detected should 
be a constant fraction of the number emerging 
from the sphere, regardless of the size of the 
sphere. The ionization chamber in the earlier 
experiments had a Li front only*® but in the later 
work an all Li chamber was used.** Sheet Cd 
cylinders 0.040 cm thick were suitably placed to 
protect the detecting chamber from slow neutrons 
scattered back from the floor, etc., and from high 
speed neutrons, which have been scattered back 
into the chamber as slow neutrons, after being 
slowed down due to impacts with H in the floors, 
walls, etc. This latter effect is quite appreciable 
and may account for some of the artificial 
radioactivity ascribed to fast neutrons if the 
experiments are done near wooden table tops, 
etc. Readings were taken with and without Cd 
interposed to block the beam of slow neutrons 
out of the chamber, so as to follow both the 
change in the number of slow neutrons diffusing 
out of the spheres and the change in the number 
of higher energy neutrons emerging which were 
outside of the Cd effective absorption region. 

Fig. 5 shows the observed results. The upper 
solid curve shows the results without Cd and the 
lower curve the results with Cd shutter inter- 
posed, the intermediate dashed curve being the 
difference between them, or the “‘slow’’ neutron 
component. For comparison, the lower dashed 
curve shows the data from Fig. 2, for high energy 
neutrons emerging from spheres of water, when 
detected through projected protons. 

The number of slow neutrons present in the 
original beam is apparently zero and until a 
fairly considerable amount of paraffin surrounds 


2]. R. Dunning, G. B. Pegram, Phys. Rev. 47, 640 
(1935). 

*6 J. R. Dunning, G. B. Pegram, G. A. Fink, D. P. 
Mitchell, §Phys. Rev. 48, 970 (1935). 
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the source, the number of slow neutrons produced 
is still practically zero. After adding a thickness 
of paraffin sufficient to cause enough neutron- 
proton collisions to bring the lowest velocity 
neutrons present in the original source down to 
the ‘‘slow”’ region, the number of slow neutrons 
climbs rapidly, reaches a maximum at around 10 
cm radius and then drops off quite rapidly as the 
amount of paraffin is still further increased. 
Water in thin Cu spherical shells of 10, 12.8 and 
17.5 cm radii gave about the same results as 
paraffin.?** 

Previous experiments with paraffin samples, 
using fast neutrons detected through projected 
protons,‘ show mean free paths in paraffin of the 
order of 4-5 cm, for collisions with H (or C) 
which result in scattering of the neutrons through 
about 15° mean angle. Attempts to measure 
changes of the neutron MFP in paraffin with 
lower energy neutrons, by making the detection 
system favor the lower velocity projected pro- 
tons, in order to provide some comparison of 
neutrons above 2 MEV with neutrons of the 
order of 500,000 e.v. down to the limit of 
detection (possibly 100,000 e.v.) have failed to 
show a significant change of MFP in that 
region. On the other hand, the MFP of slow 
neutrons in paraffin is of the order of 2 to 3 mm, 
as shown later. Thus there seems to be a large 
difference in the neutron-proton interaction at 
the lowest ‘‘fast’’ neutron energy we can measure 
with one method, perhaps around 100,000 e.v. 
and in the “slow’’ neutron region which may be 
near thermal energies. Since the lower solid curve 
in Fig. 5 with the Cd shutter interposed actually 
shows a slight rise with Li detection for the 
smaller paraffin spheres, whereas when projected 
proton detection is used, the number of “‘fast”’ 
neutrons steadily decreases, Li must be detecting 
some of the neutrons in the intermediate range 
between fast and slow which are not highly 
absorbed by Cd. This appears to explain the 
small angle observed between the tracks of the 
ejected particles in the experiments of Taylor and 
Goldhaber.*4 Experiments with these intermedi- 
ate energy neutrons have been performed by ab- 
sorbing the slow neutrons in the beam with Cd 


*a Westcott and Bjerge, Proc. Camb. Phil. Soc. 145 
(1935). 
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and then measuring the proton cross section with 
the high and intermediate energy neutrons re- 
maining. These results indicate a neutron-proton 
cross section of the order of 710-** cm?, and 
a MFP in paraffin of the order of 8 to 15 mm. 
The transition to higher neutron-proton cross 
sections and shorter MIF P thus takes place above 
the Cd absorption range and this factor should 
considerably increase the slowing down of the 
neutrons, once they are down in this region. 

It hardly seems likely that high energy 
neutrons, of the order of 2 to 5 MEV with MFP 
of about 4-5 cm in paraffin could make enough 
impacts in a sphere of 3 cm radius to become 
slowed down to thermal velocities, even though 
the factor mentioned above is operative. How- 
ever, there seems to be good evidence that in this 
type of Rn-Be source there are already a large 
number of neutrons which have energies so low 
that they can no longer be detected through 
projected protons.* The simplest way to explain 
the 2 to 1 difference in the number of fast 
neutrons detected with “forward”’ and ‘‘back- 
ward” neutrons in the work mentioned is that 
half or more of the backward neutrons have 
energies already too small to detect with this 
method. The continued rise at the low energy end 
of the curve in the same paper showing number of 
projected protons versus range also lends point 
to this view. From this standpoint, the presence 
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Fic. 5. Production of slow neutrons. 
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of a considerable number of quite low energy 
neutrons in the source, whose MFP may already 
have decreased appreciably, makes it seem rea- 
sonable that some of these neutrons can make a 
sufficient number of collisions in a sphere of 3 cm 
radius to be brought down into the near thermal 
region, for Fermi has shown," that the neutrons 
lose 1 e of their energy per collision, on the 
average. As the sphere size is further increased, 
more and more of the fast neutrons are of course 
slowed down and, with a sphere of 12-15 cm 
radius, most of the higher energy neutrons might 
be slowed down and the growth curve might 
simply flatten out, if there were no absorption. 

As to the decrease in observed number with the 
largest spheres, since the chamber showed practi- 
cally no difference in sensitivity with neutrons 
coming at it from the largest angles possible with 
the big sphere, the obliquity of entrance from the 
sides of the larger spheres is proved unimportant. 
To account for this decrease two postulates are 
available; (1) either the neutrons have been 
dropped in energy below the Li detection region 
or (2) some process is removing neutrons from 
the beam. There is no evidence that suggestion 
(1) is reasonable; from the viewpoint of Bethe’s 
theory this should not be possible. The evidence 
for (2), however, is not entirely conclusive either. 
Reactions involving capture of the neutrons such 
as: 


1H'+on'—,D?+y¥ 


or similar reactions involving O'* or C™ or their 
isotopes, might occur.'® There seems to be no 
reason for excluding these reactions at present 
but, since the MFP of the neutron with respect 
to the H in the paraffin is so small, the number of 
collisions with H has increased enormously for 
the two largest spheres and the experiment 
proves that the probability of capture per col- 
lision with protons must be very small. However, 
it might well account for the decrease. The 
number of collisions with C or O, from the 
neutron-nucleus cross section measurements in a 
following section, is much smaller than with 
protons and it is not considered likely that these 
play much part but here, also, the experiment 
shows that probability of capture cannot be very 
large, certainly less than 10 percent per collision 
and, furthermore, O cannot be very much differ- 
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ent from C. It may well be that the slowest 
neutrons are being continually removed from 
the beam through combination with H, C or 
O, which might prevent the emerging neutrons 
from ever reaching a near thermal equilibrium. 
The more speculative possibilities of the disinte- 
gration of the neutron or combination with 
neutrinos may also deserve some consideration. 


PRODUCTION OF SLOW NEUTRONS BY DEUTERIUM 


The relative efficiency of HO and DO in 
enhancing artificial radioactivity produced by 
neutrons was studied with the experimental 
arrangement shown in Fig. 6.?** 
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Fic. 6. Apparatus for studying the relative enhancement 
of artificial radioactivity by H,O and D,O. 


A piece of silver 1.5 X 2.5 cm by 0.025 cm thick 
was activated by suspending it above a 200 mc 
Rn-Be neutron source encased in about 2 mm of 
lead at the bottom of a thin soft glass test tube, 
first in an empty 200 cc bottle, next with the 
bottle filled with 200 cc of HeO and then with 
200 ce of D2O (99.8 percent), kindly supplied by 
Professor H. C. Urey. The radioactivity of the 
silver was tested by placing it under a thin- 
walled tube counter of Dow metal (Mg alloy), 
0.025 mm thick. The data are summarized in 
Table II. The number per minute in the table is 
the average number for the first 4 minutes after 
placing the silver under the counter. Subtracting 
for the effects of the naturals and the number 
from the direct beam with nothing but air 


2ta J. R. Dunning, G. B. Pegram, G. A. Fink, D. P. 
Mitchell, Phys. Rev. 47, 416 (1935). 
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TABLE Il. Enhancement of artificial radioactivity by DO 
and H,0. 


D.O 


Air Naturals 





Runs 5 8 7 21 
Number per minute 107 35.2 19.3 cm | 
Net 103.3 31.5 15.7 
Enhancement 87.6 15.8 
Relative effect 65:2:1 

$5.3 31 


Relative enchancement 








surrounding the material, the results indicate 
that H2O is about 5.5 times as effective as D2O in 
enhancing the artificial radioactivity from Ag 
under these conditions.?”:*8 This enhancement 
by D.O is littlke more than might be expected 
from the back-scattering of high energy neutrons 
from any material placed around the source and 
sample.** Since the average energy lost by a 
neutron in an elastic collision with the deuteron 
is only slightly (1,8 in the case of direct impact) 
less than in a proton collison, the comparatively 
small production of slow neutrons by D.O must 
be ascribed to a lower probability of collision, 
that is a much smaller interaction between 
neutron and deuteron than between neutron and 
proton. This accords with absorption results 
discussed in another section. 


ENERGIES OF SLOW NEUTRONS 


The question of whether or not the ‘‘slow” 
neutrons do have approximately thermal veloci- 
ties is of fundamental importance. Fermi*® and 
his colleagues first attacked this problem using 
hydrocarbon mixtures to slow the neutrons down, 
and studying the artificial radioactivity produced 
first at room temperatures, then with the hydro- 
carbon mixture raised to about 200°C. No 
significant effects on the properties of the 
neutrons were observed. 

In our experiments*:*? we have used the 
temperature range from liquid air to boiling 
water in order to get a greater change in energy of 


** Libby, Long, Latimer, Phys. Rev. 46, 424 (1935). 

* Herszfinkill, Rotblat, Zyw, Nature 135, 654 (1935). 

— Rotblat, Wertenstein, Zyw, Nature 134, 970 
(1934). 

%®© Amaldi, D’Agostino, Fermi, Pontecorvo, 
Segré, Proc. Roy. Soc. Al49, 522 (1935). 

*! Dunning, Pegram, Fink and Mitchell, Phys. Rev. 47, 
796 (1935). 

®? Dunning, Pegram, Fink and Mitchell, Phys. Rev. 48, 
888 (1935). 
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the neutrons, if the neutrons are in thermal 
equilibrium with the hydrogenic materials used 
to slow them down and we have used the Li 
chamber detection system. 

Fig. 7 shows the general arrangement of the 
apparatus. The Rn-Be neutron source encased in 
a platinum container was placed in a cylindrical 
vessel of water, which was in turn placed inside of 
several thin concentric polished cans. This per- 
mitted cooling the H:O down to liquid air 
temperatures, by pouring liquid air over the inner 
container, and with the insertion of a small 
electric heater, allowed heating to the boiling 
point. The temperature was measured with 
thermocouples. The neutrons, after being slowed 
down in the water or ice by impacts with the H 
nuclei, were detected in the usual manner, with a 
Li lined ionization chamber. Two major groups 
of runs were made. In the first series, the chamber 
had a Li front only; in the second group, runs 4 
and 5, the chamber walls were entirely of Li, 
increasing the counting efficiency and reducing 
the high energy neutron background from 35 to 
11 percent. In the first group, runs 1, 2 and 3, the 
Rn-Be bulb was at the same temperature as the 
H.O. It was subsequently found, in a separate 
test listed at the bottom of Table III, that when 
the bulb alone was cooled, the radon could 
condense on or near the Be so as to increase the 
recorded number of neutrons by 3 to 8.6 percent. 
To eliminate this effect, in runs 4 and 5 the 
platinum source container was placed inside a 
small soft glass Dewar with a heater coil and 
thermocouple attached to it, by which the bulb 
was held at about room temperature. The inner 
vessel was of thin Cu with 1100 g of H,O in 
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runs 1 and 2. In runs 3, 4 and 5, a larger thin Al 
vessel containing 3400 g of HO was used, in 
order to bring the number of slow neutrons 
produced up to about the maximum value. Cd 
shields were used to reduce room scattering to the 
detection chamber in the last two runs. In most 
cases, the H.O was first frozen and a series of 
readings taken at about 273°K. The temperature 
was then lowered to the liquid air point, about 
95°K, and the series of readings taken only after 
the liquid air had almost completely evaporated, 
small amounts of liquid air being added between 
readings. Readings were taken at the 273°K point 
again and the temperature was then raised to 
near 373°K for a series of readings where loss by 
evaporation was replaced when necessary. 

Table III shows the results of the 5 runs in 
terms of the percentage change in the observed 
number of counts (about 65 percent from Li 
disintegrations in the first group, about 90 
percent from Li in the second group) and in the 
last column, the percentage change in the 
absorption of Cd as the temperature was lowered 
from 373°K in the first group and 273°K to about 
95°K in the second group. Runs 1 and 2 consisted 
of about 5000 to 7000 counts on each point; run 
3 of about 10,000 to 12,000 counts on each point 
and runs 4 and 5 of about 12,000 to 20,000 counts 
on each point. The last two runs are considered 
the most reliable from all standpoints and the 
accuracy from the point of view of statistical 
fluctuations should be better than +1.5 percent. 

In regard to the change in the total number of 
counts observed at the various temperatures, as 
shown in column 2, a number of factors must be 
taken into consideration. The condensation of 


TaBLE III. Change in the number of observed counts 
(chiefly Li disintegrations) and in the absorption of Cd as 
the temperature was lowered to about 95°K. 








CHANGE IN 
CD ABSORPTION 


CHANGE IN LI 


RUN DISINTEGRATIONS 


Source at HO temperature, 95°-373°K 





1 +7.8 percent + 2.6 percent 
2 +4.1 +10.7 
3 +8.9 + 2.7 


Source at constant temperature, H2O at 95°-273°K 
+ — 1.46 percent + 3.8 percent 
5 —2.8 + 2.4 


HO at constant temperature, source at 95°-273°K 
+3 to 8.6 percent 
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the radon mentioned previously, which may 
cause increases of the order of 3 to 8.6 percent, is 
probably sufficient to explain the increase in the 
counts, due largely to Li disintegrations, in the 
first series of 3 runs. As to the apparent decrease 
in runs 4 and 5, the possibility of a slight amount 
of frost absorbing some of the neutrons, the 
possibility of increased absorption of slower 
neutrons within the walls of the all Li chamber, 
the possibility of a small amount of liquid air not 
having evaporated before the beginning of the 
run or the possibility of increased combination 
with H in the H.O at low temperature may be 
sufficient to explain the apparent decrease. In 
view of this, we cannot conclude that the 
emission from Li is definitely increased by the 
decrease in temperature of the water. 

The change in the absorption of Cd, as 
measured by introducing a sheet of about 0.005 
cm of Cd (sufficient to absorb about 50 percent of 
the slow neutrons) is a test of the properties of 
the neutrons which should be little affected by 
factors that may change the total number. The 
results in column 3 of Table IV indicate that 
“cold” neutrons are slightly more easily absorbed 
by Cd. While the effect is small, of the order of 5 
percent, it is considerably larger than the 
probable error, and the probability that the 
apparent consistency of the 5 runs is fortuitous 
should be very small. 

There are a number of interpretations which 
can be made of these results. (1) No large fraction 
of these slow neutrons is actually in thermal 
equilibrium. (2) A considerable fraction of these 
neutrons may be in thermal equilibrium but the 
absorption of Cd, and the disintegration of Li, are 
not sensitive functions of the neutron energy in 
this region. (3) The removal of the slowest 
neutrons from the beam by combinations with H 
or O as suggested before, may keep any large 
number from emerging with thermal energies. 
There is likewise the possibility that the Li 
detection region may not extend down to near 
zero energy or that the small differences between 
the Li and Cd regions suggested by the data on 
the production of slow neutrons may be influ- 
encing the results. The fact that the absorption 
curve of Cd, when measured with a reasonably 
parallel beam of slow neutrons, is very nearly 
exponential seems to show that the absorption of 
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Cd is not a sensitive function of the neutron 
energy. In experiments such as these, in which a 
wide range of neutron energies must be present, 
if the Cd curve is singly exponential, then once the 
neutrons are below the threshold where abnormal 
absorption effects set in, the absorption of the 
slow neutrons will not be a sensitive function of 
the neutron energy and the temperature effects 
will be small. If the high absorption by Cd 
extends up to neutrons well above thermal 
velocities, say above 0.1 e.v., the shift in the 
thermal velocities caused by changing the tem- 
perature of the water would make little change in 
the effect of the neutrons. 


INTERACTION OF SLOW NEUTRONS WITH MATTER 


The interaction of high energy neutrons, i.e. 
neutrons which have energies above 100,000 e.v., 
with atomic nuclei has already been investigated 
by various methods and as shown previously, 
most of the phenomena associated with their 
passage through matter are accounted for by 
more or less elastic scattering in about 90 percent 
or more of the nuclear impacts. The variation in 
neutron-nucleus_ collision cross section with 
atomic weight, investigated under fairly good 
geometrical conditions as discussed in one of our 
earlier papers‘ is shown in Fig. 8. The variation in 
cross section for the elements of lower atomic 
weights, has been studied more carefully and, as 
the curve shows, H, D, Li, Be and C, all appear 
to have very nearly the same cross section but 
beyond this point: the heavier elements show 
cross sections which increase about as the (atomic 
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Fic. 8. Neutron-nucleus collision cross sections of the 
various elements for fast neutrons. 
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weight)? *. The nuclear radii, as calculated by 
Professor Rabi and Mr. Clark from these data, 
agree quite well with nuclear radii inferred from 
other types of measurements, if the neutron 
radius is taken as about 1.2 x 10°" cm. 

As neutrons are slowed down by impacts with 
H nuclei, no great differences have been observed 
as yet in their properties as long as they have 
sufficient energy to be detected through projected 
protons, although there may be resonance phe- 
nomena which are not observed because of the 
wide range of energies present. The borderline 
region where neutrons can no longer be detected 
through projected protons is not very well 
defined, being dependent on amplifier sensitivity 
and disturbances, and the nature of the inter- 
action in this region, but it is probably somewhere 
in the neighborhood of 100,000 e.v. We have not 
succeeded in detecting in this energy range any of 
the effects peculiar to slow neutrons. The region 
where the effects characteristic of slow neutrons 
set in is probably far below this region, possibly 
down to near thermal energies. 

It is possible to make some measurements in 
the intermediate region between fast and slow 
with Li as a detector but the fast neutron 
residual component is difficult to allow for. 


ABSORPTION OF CADMIUM 


The remarkably high absorption of slow 
neutrons in cadmium makes its absorption curve 
of especial interest. It requires only about 0.005 
cm thickness of Cd to absorb 50 percent of the 
slow neutrons, which is of the order of a-particle 
absorption, although it still requires about 2.5 cm 
of lead to absorb one-half of the slow neutrons. In 
earlier experiments,” the absorption curve was 
shown to be very nearly exponential but in those 
experiments the chamber had a Li front only and 
the large high energy neutron background made 
accurate measurements difficult. There was also 
some question as to the effect of room scattering. 

Fig. 11 in the next section shows the general 
arrangement for a more recent series of measure- 
ments. The all Li chamber, with Cd shields to 
protect against room scattering, was used. Fig. 9 
shows the absorption curve for the slow neutrons. 
As the amount of cadmium interposed is in- 
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Fic. 9. Absorption of slow neutrons by cadmium. 


creased, the number of counts drops off rapidly 
and the curve flattens out until with about 0.04 
cm of Cd it is almost asymptotic, the slope from 
there on being about what one would expect for 
high energy neutrons, practically all of the slow 
neutrons having been absorbed. 

Fig. 10 shows the absorption curve plotted on 
logarithmic scale, with the high energy neutron 
component subtracted, in order to obtain the 
absorption of the slow neutrons only. The devia- 
tion from a straight line is only a few percent. If 
the neutron beam were more nearly parallel, the 
curve should more nearly approach a straight 
line. Fermi and his collaborators obtained an 
absorption curve for Cd by using artificial 
radioactivity as a detector but it was necessary to 
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Fic. 10. Absorption of slow neutrons by cadmium- 
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place the Cd and the detector close to the 
paraffin blocks used to slow down the neutrons.*” 
The large number of slow neutrons entering the 
Cd at oblique angles would naturally show a 
higher absorption than those entering near the 
normal and would give a different absorption 
curve from that obtained with a nearly parallel 
beam. Fig. 10 indicates that the absorption of Cd 
for the slow neutrons which disintegrate Li can be 
closely expressed by a single exponential curve. 
Considering the wide range of neutron energies 
undoubtedly present, this must mean that the 
absorption of Cd is not a sensitive function of the 
neutron energy in this region. It is not clear how 
Bethe’s theory**: **: ** of the interaction of slow 
neutrons with nuclei can adequately explain this 
exponential absorption curve for Cd. There must 
be some compensating factors not taken into 
account in the theory which make the absorption 
more independent of energy than the theory 
indicates. This absorption curvé may also suggest 
that if these neutrons do have approximately 
thermal energies, either this abnormal absorption 
sets in at a quite sharp threshold and does not 
come in gradually over a wide velocity region, or 
else that abnormal abserption extends above the 
main group of slow neutrons so that no large 
number of the slow neutrons lie within the region 
where the absorption coefficient varies. Any of 
these interpretations would indicate that the 
temperature effect should not be large. One might 
expect the change in temperature to affect only 
those neutrons which are responsible for the 
departure from exponential absorption, or those 
near the threshold of the abnormal cross section 
change, if that threshold is quite low. There is 
always some question as to whether some peculiar 
characteristic of the Li detection region may not 
be influencing these results but, except for the 
indication in Fig. 5 that Li is slightly affected by 
neutrons which are above the Cd absorption 
region, Li seems to be entirely satisfactory. 


ABSORPTION OF SLOW NEUTRONS BY VARIOUS 
ELEMENTS 


In order to investigate the neutron-nucleus 
interaction for slow neutrons over a wide range of 


44 Bethe, Phys. Rev. 47, 747 (1935). 
% Perrin and Elsasser, Comptes rendus 200, 450 (1935). 
% Beck and Horsley, Phys. Rev. 47, 510 (1935). 
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elements, we have made several series of ab- 
sorption measurements by interposing test sam- 
ples between source and detector, using the 
experimental arrangement shown in Fig. 11, for 
the later measurements. In the earlier measure- 
ments: 2° the chamber had a Li front only and 
the source and chamber were unshielded. The 
necessity for subtracting a large high energy 
neutron background and the uncertain scattering 
from the room made these earlier measurements 
only approximate. The arrangement in Fig. 11 
greatly improves the situation. The source and 12 
cm diameter paraffin ball are contained in a 
cylindrical box of Cd, so that slow neutrons 
emerge in the forward direction only, so as to 
minimize room scattering, and Cd shields protect 
the chamber. A Cd diaphragm with a 4 cm hole 
further defines the beam to the size of the test 
sample. The neutron beam striking the sample is 
only approximately parallel but it is much better 
than can conveniently be used with artificial 
radioactivity as a detector, with this type of 
source. Geometrical conditions are very important 
in determining the cross section values obtained 
from experiment, as noted in the preceding 
section. Apparently for this reason our cross 
section estimates are lower than those of Pro- 
fessor Fermi and his group. 

The test samples were cylinders 4 cm in 
diameter, with the thickness adjusted to give 
about a 40 percent decrease in the slow neutrons, 
when interposed. Pure elements were used if 
available, and in solid form where possible. The 
powders, finely divided metals, etc. were held in 
very thin Dow metal (Mg alloy) containers, 
which have practically no absorption. Where 
pure elements were not available, the oxides were 
in general used, since the absorption of O is small 
and its effect can be allowed for. Since many 
elements exhibit high cross sections, their pres- 
ence in small amounts as impurities might 
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seriously affect the results. Practically all the 
elements tested showed analyses that indicated 
very little impurity of high cross section elements 
but analyses were not available for some of the 
elements tested. Particularly in the case of the 
rare earths the purity was in most cases uncer- 
tain, and since a small admixture of samarium 
or gadolinium would give a large increase in the 
absorption a number of the results must be 
considered rather rough estimates. Where the 
amount of absorbing material in powdered form 
necessary to absorb 40 percent is very small, as 
with gadolinium or samarium, it is difficult to 
get a very uniform thin layer, and some uncer- 
tainty in their large cross sections results from 
this. The water content of the slightly hygro- 
scopic substances may possibly influence the 
results somewhat in those cases. 

A new sample of uranium oxide has given a 
much lower absorption than a sample previously 
reported. 

In computing these results, it is convenient to 
express them in terms of neutron-nucleus collision 
cross section. If No is the original number of 
counts per minute with no absorber and N the 
number with absorber interposed, then for the 
fraction transmitted, we have 


p=N/N=e" 


is the mean free path of the neutrons, d is the 
thickness of the sample, N the number of nuclei 
per crg*, and ro? is the neutron-nucleus collision 
cross section, ¢ being the sum of the “‘radii’’ of the 
neutron and of the nucleus. In order to determine 
the cross section for slow neutrons only, all 
readings were taken with and without cadmium, 
in order to eliminate the high energy neutron 
component. The readings for the high energy 
neutron components were subtracted to make NV 
and Np refer to the slow neutrons only. These 
cross sections have been computed without 
taking into account the thermal velocities of the 
neutrons, which would be of significance only if 
there were a considerable number of neutrons 
near thermal equilibrium with one of the lighter 
elements. 

Table 4 shows the various elements tested, 
their atomic weights, the compound used if the 
element was not feasible, the g/cm? used, the 
fraction transmitted, P computed for slow 


where \=1/ Nao? 
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TABLE IV. Neutron-nucleus collision cross sections. 














Frac- CROSS SECTION | FRAC- CROSS SECTION 
TION 10% cM? TION xX 10% cm? 
Com- TRANS- SLow Fast Com- TRANS- SLOW Fast 
ELE- ATOMIC ATOMIC POUND MITTED NEU- NEU- ELE- ATOMIC ATOMIC POUND MITTED NEU- NEU- 
MENT NO. WT. USED G cM? P TRONS TRONS | MENT NO. WT. USED G/cot P TRONS TRONS 
H 1 1.008 (CHe), 0.131 0.673 35 1.68 Ru 44 101.7 Ru 6.1 647 12.5 
D 1 2.014 DeA 1.36 .631 4.0 1.71 Rh 45 102.9 Rh 0.62 .664 115 
Li 3 6.94 LiF .24 .765 45 1.84 Pd 46 106.7 Pd 6.2 .715 10 
Be 4 9.02 Be .703 .780 5.3 1.65 \g 47 107.88 Ag 1.88 .557 55 
B 5 10.82 ByC .0557 .418 360 1.60 Cd 48 112.41 Cd 0416 .524 3300 
Cc 6 12.00 C 2.86 .549 4.1 1.65 Sn 50 118.70 Sn 18.8 .678 4.0 4.3 
N 7 14.01 NaNs3 1.30 .630 11.3 1.76 Sb $1 121.77 Sb 7.26 -745 8.1 
oO 8 16.00 SiO» 3.78 .709 3.3 Te 52 127.5 Te 5.52 .790 8.2 
KF 9 19.00 NaF 1.94 .827 2.5 I 53 126.93 1 6.78 .738 9.4 4.6 
Na 11 23.00 Na 1.48 .847 4.2 Ba . 56 137.37 BaO .662 .680 140 
Mg 12 24.32 Mg 4.67 .669 3.5 La 57 138.90 LaeOs .214 933 80 
Al 13 26.97 Al 7.24 .788 1.5 2.4 Ce 58 140.25 CeO» 98 896 est 25 
Si 14 28.06 Si 2.23 .867 2.5 Pr 59 140.9 Pr2Os 2.43 77 25 
P 15 31.03 P 1.69 615 14.7 Nd 60 144.27 Nd2Os .72 .559 220 
Ss 16 32.06 3S 6.6 .840 1.4 2.6 Sm(Sa) 62 150.43 Sa2Os .04 .525 4700 
Cl 17 35.46 NaCl 1.35 541 39 cu 63 152 Eu-Gd-Al .02 647 est. < 1000 
K 19 39.10 K 1.60 .816 8.2 Gd 64 157.6 GdeOs .0068 .590 30,000 
Ca 20 40.07 CaO 1.87 751 11.0 Tb 65 159.2 Tb-Al .06 919 est. < 1000 
Ti 22 48.1 TiOz 1.97 .760 11.9 Dy 66 162.5 Dy-Al .27 .685 700 
V 23 50.96 V20s 2.41 751 10 Ho 67 163.4 Ho-Al .144 877 est. 400 
Cr 24 52.01 Cr 5.82 .718 4.9 Er 68 167.7 Er2OQs .666 .780 120 
Mn 25 54.93 Mn 3.69 .558 14.3 Tm 69 169.4 Tm-Al .07 987 est. 500 
Fe 26 55.84 Fe 3.87 .605 12.0 3.0 Yb 70 173.6 Yb20s 315 912 90 
Co 27 58.94 Co 1.41 .602 35 Lu 71 175.0 Lu-Al .045 93 est. 400 
Ni 28 58.69 Ni 3.03 .637 15.4 Ta 73 181.5 Ta 4.56 663 27 
Cu 29 63.57 Cu 6.22 .642 7.5 3.2 W 74 1840 W 7.05 592 23 5.3 
Zn 30 65.38 Zn 10.7 .627 4.7 3.3 Re 75 186.31 Re 2.39 501 89 
Ge 32 72.60 GeQ: 08 .93 est. 75 Os 76 190.8 Os 5.35 643 27 
As 33 74.96 As 5.28 .692 8.6 Ir 77 193.1 Ir .785 509 285 
Se 34 79.2 Se 3.47 .606 19 Pt 78 195.2 Pt 4.30 .769 25 
Br 35 79.92 KBr 3.43 .705 11.8 Au 79 197.2 Au 2.52 508 &8 
Sr 38 87.63 SrCrO, 2.21 832 est. 9 Hg 80 200.61 HgO .545 556 380 5.8 
Y 39 88.9 YO; 18 .463 800 Tl 81 204.39 Ti 10.5 710 11 
Zr 40 91 ZrOz 1.87 .807 16.7 | Pb 82 207.20 Pb 22.7 568 8.6 5.7 
Cb 41 93.1 Ch2O5 1.01 .90 est. 14 Bi &3 209.00 Bi 9.07 805 8.2 
Mo 42 96.0 Mo 1.70 .926 7.1 Th 90 232.15 ThOs 2.75 .772 32 
Ur 92 238.17 UrOs 2.52 83 43 








neutrons only, and the values for the slow 
neutron-nucleus cross section. The slow neutron 
cross sections vary all the way from values 
apparently below those for fast neutrons to 
enormous values in such cases as Cd, Sm and Gd. 
The samarium and gadolinium samples are 
probably quite pure. Previous measurements on 
a sample of terbium, known to contain possibly 
40 percent impurities, indicated a cross section 
of about 6000 x 10-*4 cm?, but measurements on 
a terbium-aluminum alloy show a cross section 
probably less than 1000 10-*4 cm. Gadolinium 
as an impurity was doubtless the cause of the 
high absorption by the earlier sample of terbium. 
We estimate that in most cases the values given 
are accurate to within +10 percent for the 
smaller cross sections and probably within +25 
percent for the larger values, except in the Cd 
case, where it should be within +10 percent. In 
some cases where only a small amount of ma- 
terial was available or other factors made the 
result only approximate, the estimated cross 
sections are labelled ‘‘est."” A number of the 
rare earths tested were in the form of alloys 
with aluminum of which the composition was 


known to be between 40 and 60 percent alumi- 
num. In the final column, the comparison values 
for high energy neutrons from the curve in Fig. 8 
are included.**» 

The geometrical conditions were much better 
for the high energy neutron measurements and 
the ratio of fast neutron to slow neutron cross 
section is modified somewhat by this and by the 
fact that what is measured here is a combination 
of elastic-scattering cross section, and capture 
cross section. Either elastic scattering of the 
neutron by the struck nucleus through a suffi- 
cient angle, or capture of the neutron by the 
struck nucleus, would remove it from the beam. 
In the high energy neutron case, the cross section 
computed is almost entirely due to elastic 
scattering of the neutrons through angles of 
about 15° or more. In the slow neutron case, 
however, both elastic scattering and capture play 
a part. From the evidence in the following section 
on scattering of slow neutrons, it appears that in 
cases in which the slow neutron cross section is 
about the same as that for fast neutrons, elastic 
scattering plays the major part. For intermediate 


aah Preiswerk, Comptes rendus 200, 827 (1935). 
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cross sections, both elastic scattering and capture 
are involved, while for the large cross sections, 
capture seems to be the major factor. Since the 
neutron must be scattered as much as 30° to be 
scattered out of the chamber with the geometrical 
arrangement as in Fig. 11, the small cross section 
values for slow neutrons, where elastic scattering 
is the main factor, are a little too small in 
comparison with the fast neutron values. Some 
measurements with fast neutrons, using copper 
spheres and detection through projected protons, 
indicate that this geometrical factor may be of 
the order of 1.25, i.e., the smaller cross sections 
for slow neutrons such as Al and S should be 
multiplied by about 1.25. Even so, this factor is 
not sufficient to bring the slow neutron cross 
section of Al and S up to the value for fast 
neutrons and, while these correction factors are 
not certain, it seems that the slow neutron 
interaction with such nuclei as Al and S is 
probably less than with fast neutrons. This may 
be reasonable from Bethe’s theory. 

The nuclear section values for slow 
neutrons from our earlier data have been tabu- 
lated by Bethe.** At that time it seemed that, in 
terms of his theory, a random distribution of 
phase angles among the various elements might 
account for the distribution in observed cross 
section values. Since samarium and gadolinium 
as well as Cd have now been shown to have 
enormous cross sections, the point may need to be 
examined again. The question of whether all or 
only one of the isotopes of these elements is 
responsible for the large interaction is not quite 
clear as yet. Cd has 6 to 9 isotopes, the most 
abundant ef which is 35 percent; Sm has about 7 
isotopes, with the most abundant about 25 
percent; and gadolinium has probably five iso- 
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Fic. 12. Experimental arrangement for the measurement 
of the scattering of slow neutrons. 


GRAM, G. Aw F 


INK, D. P. MITCHELL 
the most abundant being around 23 
If only one of the isotopes in Gd or 
Sm is responsible, then the cross section of 
that isotope must be very 
approximating the size of the K shell of electrons 


topes, 
percent. 


much larger yet, 


or even larger. 


CAPTURE AND SCATTERING OF SLOW NEUTRONS 


The question of what is actually happening to 
the neutron in the cases where large neutron- 
nucleus collision cross sections indicate large 
interaction between nucleus and neutron is not 
The work of Fermi has 
shown that in a number of cases where the cross 
sections are large, the amount of artificial 
radioactivity is greatly increased, indicating cap- 
ture of the neutron, but in other cases such as 
cadmium where capture is quite certain, the 
radioactivity is small or absent. The elastic 
scattering cross section, from Bethe’s theory, 
should be at least as large or larger than the 
capture cross section. If the neutron is captured, 
we may expect the production of an immediately 
unstable combination, such as in the Li or Al 
cases, resulting in the emission of heavy particles 
with or without subsequent radioactivity; or we 
may expect the production of an unstable radio- 
active isotope of the struck nucleus, with subse- 
quent beta-emission and gamma-emission ; or the 
production of a stable isotope, with gamma-ray 
emission, as has been indicated in a number of 
cases. 

In order to obtain experimentally an estimate 
of the ratio of scattering to capture of slow 
neutrons in the case of cadmium we have made 
some experiments using the arrangement in Fig. 
12. The Rn-Be source with paraffin sphere and 
chamber are enclosed in Cd to reduce the room 
scattering, while the direct beam to the chamber 
of the order of 500 per minute is reduced to about 
15 per minute by a Cd disk to eliminate the slow 
neutrons and by a Cu or paraffin cylinder to 
reduce the high energy neutrons. The scattering 
of various materials was then observed by placing 
them, in cylindrical form in most cases, in the 
position shown, so that the neutrons could be 
scattered back into the chamber. The results in 
Table V show the approximate relative scattering 
of the various materials. The results are not very 


entirely clear as yet. 
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TABLE V. Scattering of slow neutrons from various materials. 


Material No. per min. 
Background 16.7 
Cu cylinder 45 
Cd cylinder 14.1 
NaCl 22.3 
MgO brick 43.4 


exact since the Mg was in brick form, while the 
NaCl and CaCQs were in flat form, but these 
were taken largely as a rough comparison to Cd. 

Cd shows so little elastic scattering of slow 
neutrons that introducing a cylinder of it does 
not increase the number of neutrons recorded but 
actually decreases it, since it screens out some of 
the neutrons scattered back from the floor, etc., 
into the chamber. It is certain from this experi- 
ment that, even though practically every slow 
neutron incident on the Cd is stopped, only a few 
percent could possibly be scattered, but the limit 
is hard to set and the experiment described in the 
following section was designed to measure this 
more accurately. NaCl does show some scattering 
but the scattering is little more than might be 
expected from the low cross section Na, the high 
cross section Cl probably absorbing most of the 
neutrons that fall on it. Cu, CaCO; and MgO, all 
of which show rather ordinary cross sections, 
show quite large elastic scattering. Apparently 
the large cross sections of various elements are 
due to capture then, rather than scattering, 
although from these experiments we cannot ex- 
press the ratio of scattering to capture very 
quantitatively.*? 

Fig. 13 shows the arrangement designed to 
determine the residual elastic scattering of slow 
neutrons by Cd more accurately. In effect, the 
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Fic. 13. Arrangement for the measurement of the residual 
scattering of slow neutrons from cadmium. 


* Mitchell and Murphy, Phys. Rev. 47, 812 (1935). 


experiment is done inside of a cylindrical Cd box 
to eliminate room scattering and the experiment 
measures the scattering from the interior walls of 
the Cd cylinder itself. The direct beam of slow 
neutrons to the chamber is cut out by a disk of 
Cd 0.1 cm thick, and the direct fast neutron beam 
is greatly reduced by some paraffin directly 
behind the Cd disk. The only slow neutrons that 
can enter the chamber, then, are those scattered 
from the walls of the Cd cylindrical box or from 
the air itself in the box. By interposing a Cd 
shutter in front of the chamber opening, the slow 
neutrons scattered from the walls or air are 
stopped and the decrease measures the number of 
scattered slow neutrons. A series of measure- 
ments (2000 counts total) gave 13.4 per minute as 
the number of neutrons detected with the shutter 
removed and 12.7 per minute with the Cd 
shutter interposed, the difference, 0.7 per minute, 
representing the number of scattered slow neu- 
trons. This is not much more than the probable 
error from statistical fluctuations. Had the cylin- 
drical box been made of copper, the number 
scattered to the detecting chamber would have 
been about 100 a minute. The elastic scattering 
of slow neutrons from a sheet of cadmium is then 
very small, certainly less than 1 percent of the 
number captured. The neutron-nucleus cross 
section of Cd as usually computed is therefore to 
be regarded as a capture cross section and not an 
elastic collision cross section. Rough experiments 
with other highly absorbing elements also indi- 
cate small scattering. 
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Beans, S. J. Kiehl, P. E. Kerr, Colin G. Fink, 
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many of the rare earths and Mr. H. H. Goldsmith 
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Band spectra of AgO and CuO, obtained by arcing between metal electrodes in oxygen at 
reduced pressure, have been photographed in the first order of a 21-foot grating. An ultraviolet 
and a blue system of AgO are subjected to vibrational analysis and are attributed respectively to 
2y—> and *IIl—*> transitions, with a common lower state. A third system in the far red was too 
faint for measurement. It is found that the red system of CuO is due to something more com- 
plicated than the *2-+*= transition attributed to it by Mahanti. 


HE arc source previously used! for the study 

of the spectrum of SnO has here been 

applied to AgO and CuO. It is simply an arc 

between metal electrodes operating in a stream of 

oxygen at some 5 cm pressure and has proved to 

be a rather intense and stable source for oxide 
spectra. 


SILVER OXIDE BANDS 


Hulthén and Zumstein,? while studying the 
spectrum of AgH observed a group of bands near 
2600A which they attributed to the AgO mole- 
cule. These bands were not found in the present 
investigation, although three other systems were 
observed. One of these is in the ultraviolet 
between 3400 and 3700A and degrades to higher 
frequencies, a second is in the blue and degrades 
toward the red, and the third is in the red and 
degrades in the direction of decreasing fre- 
quencies. The bands in the red are of very low 
intensity and have not been photographed with 
sufficient dispersion to permit a_ vibrational 


1 Loomis and Watson, Phys. Rev. 45, 805 (1934). 
* Hulthén and Zumstein, Phys. Rev. 28, 13 (1926). 


assignment. The other two systems have been 
photographed in the first order of a 21-foot 
grating with an average dispersion of 1.3A/mm. 
A vibrational analysis of these two systems has 
been made and it is found that the frequencies of 
their heads can be represented by the following 
expressions: 


+4)—6.1000'-+3)*} 
4.10(0"+3)7}, (1) 


v = 28,074.6+ [534.7 (v’ 


~ {493.2(v" +3) — 
y=24,139.9 rhe 
24.310,9f + 293-0 +2) 


— [493.2(0" +3) —4.10(0"+3)7}. (2) 


These indicate, of course, that the two systems 
have a common lower state. 

The frequencies and roughly estimated in- 
tensities of these bands, together with vibrational 
quantum assignments and deviations of observed 
frequencies from those calculated from Eqs. (1) 
and (2) are given in Tables I and IT. 

Since the vibrational spacings in the upper and 
lower states of the ultraviolet system are nearly 
equal, the bands are grouped intonon-overlapping 
sequences and are comparatively easy to assign. 
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TABLE I. Ultraviolet system of AgO. 
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TABLE II. Blue system of AgO. 








FREQUENCY 








INTENSITY v’ rv’? FREQUENCY Oss.—Comp. 
0 3 1 —_ 29140.1 i 0.7 — 7 
1 28716.2 
l 5 4 28693.3 —1.1 
1 4 3 28680.0 —1.2 
3 3 2 28662.7 —1.2 
3 2 1 28643.5 0.9 
2 1 0 28615.7 —1.6 
5 1 1 28133.2 0.9 
(28130.0)* 

4 0 0 28093.9 —0.9 

2 2 3 27698.0 0.8 

2 1 2 27655.4 —0.1 
(27652.4)* 

2 0 1 27610.7 0.9 
(27607.3)* 

0 27229.0 

0 1 3 27185.3 —1.6 








_* Some of the bands show a double-headed structure. The frequency 
of the second head is given in parentheses. 


The estimated intensities of these bands are 
entered as functions of v’ and v” in Table III 
and, as is to be expected, lie along a narrow 
Franck-Condon curve. 

The bands of the blue system occur in pairs, 
the bands of each pair being of apparently equal 
intensity and separated by a constant interval of 
171 cm~'. This must be the doublet interval of 
the upper state, since the lower state is common 
to both systems and no doubling is observed in 
the ultraviolet system. 

The intensity distribution of the bands of the 
blue system is shown in Table IV. The system 
terminates abruptly after two v’’ progressions, 
presumably indicating predissociation of the 
upper state for v’>1. 

Although the resolution available was inade- 
quate for a rotational analysis of either system, 
it is possible to ascertain the nature of the states 
involved by the following argument. A rough 
approximate calculation, assuming that w/B is 
of the order of 1000 in both states, as is the case 
with monoxides which have been studied, leads 
to some 6 cm! for the order of magnitude of the 





FRE- FRE- 
QUENCY QUENCY 
INTEN- FRE- Oss.— | INTEN- FRE- Oss.- 
SITY v’ vv’ QUENCY Comp.| sity wv” vv’ QuENcCY Comp. 
5 { 24415.6 0.8 0 {22982.5 —1.8 
1 0 4 1 a ¢ 
5 | 24243.9 0.1 2 (22812.0 —1.0 
4 23930.7 0.9 3 (22753.2 1.9 
(23930.2)* 0 3 4 
e 8 } 1 | 22580.0 0.0 
4 23760.3 0.3 
\(23759.6)* 1 22741.5 
2 23518.2 2 {22292.0 1.0 
0 4 4 
3 { 23451.9 —1.4 1 (22119.5 —0.4 
eanaadl 
1 1 22134.8 
2 | 23281.7 —0.6 
1 22107.3 
2 { 23223.8 3.8 
o 2 1 (21838.5 0.0 
2 | 23049.5 0.5 0 5 4 
1 21664.0 —2.0 

















_*In bands where double heads were observed due to the isotope 
effect, the second head has been included in parentheses. 


TABLE III. Intensities of bands of ultraviolet 
system of AgO as functions of v' and v"’. 











0 1 2 3 4 
4 2 
2 5 2 0 
3 - 1 
l 3 - 
1 - 
l 











TABLE IV. Intensities of the bands of the blue 
system of AgO as functions of v' and v"’. 











v 
0 1 2 3 4 5 
Uv 
0 . - 2 1 1 1 
= . 2 3 2 1 
1 5 4 2 2 
5 4 3 0 








separation between heads and origins of the 
bands of the ultraviolet system. If Q heads were 
present at anything like this separation from the 
P heads, they should be clearly visible, but they 
are not. Moreover, in two favorably situated 
bands, the dip in intensity corresponding to the 
origin can actually be seen at about the expected 
location. It may be concluded that the ultraviolet 
system is a Y—* transition. A similar calculation 
shows that one would not expect to be able to 
resolve the R and Q heads of the blue system. 
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Hence the fact that Q heads are not observed in 
that system either is not in contradiction with 
the conclusion, drawn from the occurrence of 
pairs of bands of equal intensity, that the upper 
state of that system is a doublet with A>0. 
Hence from the rule that \A= +1 or 0 and the 
assumption that these strong systems are not 
likely to be transitions between states of different 
multiplicity one may deduce that the blue system 
is *11—*S and the ultraviolet system *Y—?. 

According to Aston,’ silver has two isotopes of 
masses 107 and 109 in nearly equal abundance. 
The bands of the ultraviolet system are all so 
near the system origin that the calculated isotope 
effect is small, and the effect was in fact not 
observed. In the blue system, however, certain 
favorably situated bands were observed to have a 
double-headed structure, with separations which 
agree, within the accuracy of measurement, with 
those calculated from the usual expressions for 
the vibrational isotope effect. This observation 
serves to confirm the vibrational assignment and 
the identification of the emitting molecule. 


CopPER OXIDE BANDS 
Incidentally to the above, we have taken 


occasion to photograph the red bands of CuO in 


* Aston, Mass Spectra and Isotopes (1933). 
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the oxygen arc. These bands have often been 
observed‘ in various flame and arc sources. In 
1930 Mahanti> published a note on them, 
attributing them to a ?S—*> transition, with 
vibrational intervals of 620 and 345 cm. Our 21- 
foot grating measurements of the frequencies of 
the heads, and sub-heads, of these bands can 
indeed be fitted into Mahanti’s scheme, with only 
slightly different constants, but when this is done 
it appears that the two halves of the so-called 
doublet have obviously very different intensities. 
The bands are degraded to the red and the 
fainter heads are 40 cm™! to the violet of the 
stronger ones. It seems to us more likely that 
these fainter heads belong to satellite branches 
and hence that the transition is something more 
complicated than *S—*S. Other vibrational ar- 
rangements than Mahanti’s also appear to be 
possible, including one with a doublet interval 
about 275 cm“, if one is willing to assume slight 
variation from band to band of the separation 
between heads and origins. It seems unlikely that 
the matter can be cleared up without a rotational 
analysis, which promises to be difficult. 


4 Hertenstein, Zeits. Wiss. Phot. 11, 69, 119 (1912); Eder 
and Valenta, Atlas Typischer Spectren (1924); Mulliken, 
Phys. Rev. 26, 1 (1925). 

> Mahanti, Nature 125, 819 (1930). 
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LETTERS TO THE EDITOR 


Prompt publication of brief reports of important 
discoveries in physics may be secured by addressing 
them to this department. Closing dates for this 
department are, for the first issue of the month, the 


Evidence for the Existence of an Isotope of Potassium of 
Mass 40 


Recently Klemperer! and Newman and Walke? have sug- 
gested that the facts about the radioactivity of potassium 
could best be correlated by assuming the existence of a 
rare radioactive isotope of potassium of mass 40. There was 
no direct evidence for this isotope and Bainbridge*® had 
estimated that if such an isotope existed the ratio of its 
abundance to that of K** must be less than 1/300. It 
occurred to me that with the mass spectrograph at my 
disposal it would be possible eit her to detect such an isotope 
or to set a much lower limit on its abundance ratio. 

The mass spectrograph used by Tate and Smith‘ has 
been rebuilt to give greater resolving power. One of the 
vacuum tube amplifiers described by Distad and Williams® 
was used to measure the analyzed positive ion current. 

The potassium was prepared by heating KCl with 
metallic Ca. It was repeatedly distilled before being 
introduced into the spectrograph. 

Fig. 1 shows the interesting portion of one of many mass 
spectrographic analyses of the region around m/e=40. 
As may be seen there is a very definite peak due to an ion 
with an m/e value of 40. The rising portions on either side 
of this peak are the feet of the very much larger peaks due 
to K* and K*. The sensitivity and resolving power of the 
spectrograph is indicated by the fact that if hese latter 
peaks were plotted on the same scale as Fig. 1 they would 
have heights of 44,300 and 3190 units, respectively. 
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m/e (atomic weight units) 





Fic. 1, Typical mass spectrographic analysis of region around mass 
40. Potassium vapor in tube, 8.4 volts applied to electrons. Height 
ot peak at 39, 44,300; at 41, 3190 units. 


twentieth of the preceding month; for the second 
issue, the fifth of the month. The Board of Editors 
does not hold itself responsible for the opinions 
expressed by the correspondents. 


The average value of the ratio of the height of the peak 
due to the ion at 40 to that of the peak due to K* is 1/8600 
with a probable error of approximately 10 percent. The 
ratio of the heights of the peaks due to K*® and K" is 
13.96+0.1 which agrees well with the abundance ratio of 
K*/K*'= 13.88+0.4 given by Brewer and Kueck.® 

There remains the problem of identifying the ion at 
m/e=40. The following considerations lead definitely to the 
conclusion that it is a rare isotope of potassium, K*°. 

1. By varying the potential applied to the electrons 
producing the ion in question its ionization potential was 
directly compared to that of K*'. Fig. 2 shows the results. 
The ionization potential of the ion at 40 is the same as that 
of potassium (4.32 volts) with an uncertainty which ap- 
pears to be less than 0.5 volt. Consequently the ion at 40 
cannot be due to any element or compound the ionization 
potential of which is greater than 5 volts. In particular it 
cannot be Ca*® or A*®. The possibility that it might be Ca*® 
was given particular consideration because of the method of 
preparing the potassium and because Ca might come from 
the heated glass walls, although calculation showed that 
the vapor pressure of Ca would be too low at the tempera- 
tures used to account for the magnitude of the peak 
observed. 

2. The ratio of the heights of the peaks at 39, 40 and 41 
remained constant, within experimental error, over a 
sixfold variation of the pressure of potassium vapor. 

3. At electron energies of about 100 volts, peaks were 
found at m/e values of 19}, 20 and 20} corresponding to 
K**. The ratios of their heights were the same, within 
experimental error, as for the singly charged ions. 
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Fic. 2. Comparison of ionization efficiency curves for K" (circles 
and ion of mass 40 (crosses). The points at potential 5.5 volts are made 
to coincide. 
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4. Na was present as an impurity. Because of the slight 

chance that the ion at 40 might be (NaOH)* a search was 

made at 56 and 58 for (KOH)*. No trace was found. 

5. If the peak at 40 were due to K*H a corresponding 
one at 42 due to KH should have been present in abun- 
dance 1/14 as great. None was present in abundance greater 
than 1/150,000 of K®. Neither (H.O)* nor H,* could be de- 
tected in the tube. 

6. At the higher pressures peaks were found at masses 
78 and 80 corresponding to (K**K*)* and (K*K*')*. The 
peak at 40 could not, however, be due to (K*°K*')** because 
at the lower pressures the peak at 80 disappeared com- 
pletely, as it should, while that at 40 remained. 

It is estimated that the apparatus had sufficient sensi- 
tivity and resolving power to detect a peak at 40 of 
magnitude 1/45,000 compared to K**. In the region of 
masses 42 and 43 there is less background than at 40. 
One can safely say that K** and K*, if present, were each 
present in abundance less than 1/150,000 relative to K®. 

| wish to express my appreciation to Professor John T. 
Tate for his valuable suggestions and interest in this work. 

ALFRED QO. NIER 

Department of Physics, 

University of Minnesota, 
July 15, 1935. 

' Klemperer, Proc. Roy. Soc. A148, 638 (1935). 

? Newman and Walke, Phil. Mag. 19, 767 (1935). 

3 Bainbridge, J. Frank. Inst. 212, 338 (1931). 

4 Tate and Smith, Phys. Rev. 46, 773 (1934). 


5 Distad and Williams, Rev. Sci. Inst. 5, 289 (1934). 
6 Brewer and Kueck, Phys. Rev. 46, 894 (1934). 


Remarks on the Theory of Protons and Neutrons 


In a recent paper! the author attempted to write the 
equations of the proton and the neutron (considered as 
two quantum states of one heavy particle) in close analogy 
with Dirac’s equations for the electron and Pauli’s equa- 
tions for the neutron.? Eight values of the spin-variable 
were used and two additional terms in the Hamilton- 
operator were introduced. These latter represented (1) the 
interaction of the tensor of the electromagnetic field with 
the electric and magnetic moment of the particle and (2) 
the interaction of the heavy particle with the quantized 
field of electrons and neutrinos. (This second interaction is 
analogous to that introduced -by Fermi* in his theory of 
B-rays.) 

We write: 

(pu —H/c)y =0, 
where 


H=Hpy+H' (1) 


and Hpy is the Hamilton-operator of the heavy particle: 


a, bhe 
Mc 





1 e e 
wHpy =*Aey~auMe—Zan( pr—£Ay) ~ e (2) 
c c Cc 


OX’ 


Here «x: represents the components of the antisymmetri- 
cal tensor of the magnetic and electric moment of the heavy 
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particle: €23 = Lat yOryarg* °°. € = 1aya4: «1, 4 is a matrix 
introduced in our previous paper in such a manner that the 
potentials A, do not appear in the equations for a neutron. 
H' represents the interaction between the heavy particle 
and the electrons and neutrinos. It must be written so that 
the conservation laws of the energy and of the spin are 
respected; that is, every transition of a neutron intoa proton 
must be accompanied by the emission of an electron and 
a neutrino (as by Fermi*). In the present paper we remark 
that the values of the magnetic moment of the proton 
(3eh/2Mc) and of the neutron (2eh/2Mc), which we 
obtain from (2) by introducing only one numerical factor 
eh/Mc (as a coefficient of €x:), are both in a satisfactory 
agreement with the values recently deduced by G. Kruger 
(2.7 and 1.75 nuclear magnetons) and with the measure- 
ments of the magnetic moment of the proton. 

It seems also noteworthy that the interaction of the 
heavy particles with the electrons (represented, for 
instance, by the Dirac “‘density matrix”) and neutrinos 
makes it possible to understand the oriign of the exchange 
forces between the proton and the neutron (considered by 
Heisenberg and E. Majorona). 

A more detailed account of this question will be pub- 
lished shortly. 

G. WATAGHIN 

University of San Paulo (Brazil), 

Department of Physics, 
July 22, 1935. 
1 Lincei R. (in press). 


2 J. F. Carlson and J. R. Oppenheimer, Phys. 
3 Fermi, Zeits. f. Physik 88, 162 (1934). 


Rev. 41, 63 (1932). 


eo 
The Relation Between Internuclear Distances and the 
Force Constants of Diatomic Molecules 


Some time ago the writer called attention to the close 
relation, in diatomic molecules, between the internuclear 
distance, r,, and the “bond force constant,” &, (defined as 
d°?V/dr? at the equilibrium separation) and proposed an 
equation expressing this relation,! which may be written 


as follows: 
Relation I. 


re=(C/k.)'+di;. 


This equation gives satisfactory agreement with experi- 
mental data if C is taken as a universal constant and dj; is 
constant for all molecules made up of two atoms found in 
the zth and jth rows of the periodic table, respectively. 
The writer has recently observed another relationship 
which may be expressed in an equation of just the same form: 


re=(Crn/Re)} +dinn- Relation Il. 


In this case d»», and Cy» are constant for the analogous 
electronic states of all molecules made up of two atoms 
found in the mth and nth groups of the periodic system, 
respectively. In other words a given pair of constants will 
fit the ground states, for example, of all molecules in such 
a set as Clo, Bro, Br, ICl and I.; or CO, SiO, CS, TiO and 
PbO. Relation IT gives even more satisfactory agreement 
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TABLE 1. Test of Relation I1. 





CONSTANTS OBTAINED 





MoLCULE re (obs.) re (cale.) FROM DATA ON 
Icl 2.310A 2.31A Cle and Is 
Pre 2.28 2.28 gi, Mins 
PN 1.487 1.50 Nzand P2 
sO 1.489 1.47 Oz and Se 
Hcl 1.272 1.26 HF and HBr 
Hl 1.600 1.60 - - 
SiO 1.505 1.48 CO and TiO 
CS 1.53 1.52 ” so it 
PbO 1.918 1.91 ” oi 2s 








with experiment than Relation I, as may be seen from 
Table I in which, for the ground states of several molecules, 
the observed r, is compared with the value calculated from 
k. (obtained from vibrational data) with the use of con- 
stants determined from the data on two other similar 


molecules. 
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Because of lack of data Relation II can at present only 
be well tested for the ground states of molecules, but there 
is an indication that it also applies, but with different 
values of the constants, to analogous excited states of 
molecules within sets of the type described, and may 
possibly be a test as to whether excited states of two 
molecules are similar or not. 

It is interesting to note that in case the constants d;;, 
dy» and Cyn can be determined from other molecules, it is 
possible by means of the two relations together to predict 
both r. and k, for molecules for which no data at all exist. 

RicHARD M. BADGER 

Gates Chemical Laboratory, 

California Institute of Technology, 
June 22, 1935. 


1R. M. Badger, J. Chem. Phys. 2, 128 (1934). 
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